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1.1 Anisotropic liquids  
 
There are materials that, within a certain temperature range, melt into anisotropic fluids. 
The state of matter of these ordered liquids have been described as ‘in between a 
crystalline solid phase and a fluid isotropic phase’ and is commonly referred to as a liquid 
crystal (LC) phase or mesophase.1,2 Different classes of mesophases are discussed in 
detail in Chapter 2; some of the common phases are schematically drawn in Figures 1 
and 2 of this chapter. LC phases can be reached by increasing the temperature of the 
materials (thermotropic liquid crystals) or by changing the concentration of the material in 
a solvent (lyotropic liquid crystals). In both cases, the driving forces for mesophase 
formation result from different interactions between anisotropic molecules: for instance 
dipole-dipole interactions, Van der Waals interactions, hydrogen bonding, π-π stacking 
and the entropic minimization of free volume in the bulk.  
 
Independent of the molecular design of the molecules (commonly composed of a rigid 
central core and flexible side chains), the shape of the mesogenic molecules has been 
classified in two main groups: calamitic liquid crystals with a rod-like shape and discotic 
liquid crystals with a disk-like shape. More recently, also bent-core or banana-shaped 
mesogens which display often more complex mesophases have been added to this 
classification.  
 
The molecular arrangement within a liquid crystal phase is described by two different 
levels of order: orientational order describes the orientation of the molecules to their 
average orientation, the director, which is described by a unit vector ñ; positional order 
describes the position of the molecules with respect to a three dimensional lattice. With 
different levels of order, different mesophases can be formed. The main classes are 
nematic (N) phases that exhibit only orientational order, and smectic (Sm) and columnar 
(Col) phases that in addition to the long-range orientational order also show one or two, 
dimensional long-range positional order. Here the director ñ is defined perpendicular to 
the layers or parallel to the columns, respectively. These main groups of mesophases, 
however, can be further subdivided into phases with chiral effects, in-layer organization 
and twists and multi-layer super-organizations to a wide range of mesophases. Common 
mesophases are discussed in more detail in Chapter 2 of this thesis.3 
 
All different types of mesophases reported in literature have a common factor; 
molecular order. Uniaxial symmetry around the director ñ leads to anisotropy in many 
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physical properties. In other words, physical properties like the refractive index, magnetic 
susceptibility, dielectric permittivity, etc. show different values as a function of the 
orientation to the director ñ (either parallel or perpendicular to it).4 Due to the important 
role given in this thesis to the optical anisotropy of liquid crystals, we will give a short 
discussion to highlight some of the key concepts in the next paragraphs.  
 
Optical anisotropy. Light passing through an anisotropic material is decomposed in 
two components with two different refractive indices: the ordinary refractive index n0 and 
the extraordinary refractive index ne. This optical property is known as birefringence or 
double diffraction and is quantified by the difference between the two refractive index Δn 
= n0 ‒ ne (Figure 1.1). Birefringence is linearly related to the orientation of the molecules, 
quantified by the order parameter Q, within a certain anisotropic material (a higher 
degree of order results in a higher Q and higher Δn values). 
 
Birefringence can be used to qualitatively study the order using optical polarized 
microscopy. The contrasting areas and colors in the observed textures correspond to 
domains with directors at different angles to the analyzer and polarizer; however, within a 
domain molecules are well oriented (Figure 1.2). When a liquid crystal is macroscopically 
aligned, the texture will show a unique color, corresponding to a monodomain with a 
single director (Figure 1.3,1.4). This optical property is the basic principle of the 
multibillion liquid crystal display (LCD) technology.5,6 With time, however, liquid crystal 
applications, has extended from displays to other fields like biomedical applications, 
micro-optics, actuators, solar cells, etc.7-11 The first will be referred and discussed in 
more detail later in this chapter, whereas the other potential LC applications are 
mentioned throughout the thesis.  
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Figure 1. (1) Schematic representation of birefringence (Δn). This optical property is defined 
as the difference between extraordinary refractive index (ne) and ordinary refractive index 
(n0). (2) Optical polarized microscope (POM) picture of a fan-shaped texture of a Smectic A 
phase.12 (3) and (4) POM images typical textures of (nematic) liquid crystal monodomain. 
The samples were aligned under a magnetic field (B, orientation in purple). The (crossed) 
polarizer and analyzer are given in white. In (4) the field and the mesogens are aligned 
parallel to the polarizer or analyzer, yielding a black pixel, and in (3) the sample was turned 
45° which gives a bright pixel. The scale bar in both cases was 25 µm. 
 
1.2 Liquid crystal alignment 
 
In order to capitalize the combination of birefringence and fast switching, one needs to 
control the material at the macroscopic length scale; in LCD technology this means a 
single domain over the entire surface of the display. Most commonly, surface alignment 
techniques are used to generate macroscopic alignment close to the surface.13,14 A bulk 
film can be aligned using surface alignment, provided that the film is thin, i.e. of the order 
of the domain size, typically a few microns. For thicker films, one needs to apply an 
external field that also aligns the bulk of the material. Examples are electric (very 
common) or magnetic fields that function because of the anisotropic dielectric and 
diamagnetic properties of the liquid crystal, respectively.15 Both surface techniques and 
bulk alignment techniques with electric fields will briefly be discussed below. 
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Electric field alignment. Electric field alignment techniques make use of the intrinsic 
anisotropic dielectric constant of the LC material. Molecular dielectric anisotropy is 
directly related to (induced and) permanent dipoles in the mesogen.4 In general for 
classical calamitic mesogens, when the molecular dipole points along the long axis of the 
molecule (for instance in the archetypical liquid crystal 5CB), the dielectric anisotropy Δε 
= ε# ‒ ε⊥ is positive and the molecules will align parallel to the applied electric field (Figure 
2b). This alignment technique has the advantage that it orders the bulk of the sample, 
independent of the thickness of the sample. 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of a liquid crystal with positive dielectric anisotropy 
between two substrates which forces planar alignment: (a) No applied field between the two 
substrates; (b) electric field between the two substrates. Figure taken from Woltman et al.16 
 
Surface alignment. By these techniques macroscopic alignment can be induced by 
placing a liquid crystal sample in between two treated substrates. As a result, surface 
alignment techniques are limited to thin films. Most commonly used are glass substrates 
coated with dedicated polymers, for instance polyimides (PI),17 poly(vinyl alcohol)18 or 
azobenzene-based polyacrylates.19 Depending on the nature of the polymer two different 
types of alignment can be generated.20  
 
a) Planar alignment: Many (polar) substrates force planar alignment, but the 
macroscopic direction is undefined, which gives rise to an undesired random planar 
alignment. The most common approach to induce macroscopic planar alignment is to 
provide a (glass or ITO) substrate with a polyimide coating that has been rubbed in one 
direction. The rubbing procedure creates microgrooves in the polyimide coating and the 
anisotropic shape of the liquid crystal molecules makes it energetically favorable for the 
mesogens to orient parallel to the groves. This results in a planar, unidirectional 
alignment as shown in (Figures 3a and 2a). Optical polarized microscopy of such sample 
shows a uniform monodomain that has a maximum brightness when sample is placed 
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such that the rubbing direction (and the long axis of the molecules) has a 45° angle with 
respect to the (crossed) polarizers. 
 
b) Homeotropic alignment: It is also possible to treat a glass substrate with a 
polymer (or with a small molecule) that is able to orient the mesogens perpendicular to 
the substrate. (Figure 3b). To achieve this, a (glass) substrate can be coated with, for 
instance, a surfactant containing an aliphatic tail, which pointing away from the surface. 
For the liquid crystal molecules, it now becomes energetically favorable to align parallel 
to the aliphatic tails and thus perpendicular to the substrate.  Under an optical polarized 
microscope a perfect homeotropically aligned sample will appear black, independent of 
the angle with the (crossed) polarizers, since the birefringence along the long axis of the 
mesogen is zero.  Homeotropic and planar alignment are two extremes and surfaces can 
be designed to show intermediate cases with any angle, called the pre-tilt angle, 
between 0° and 90°.21-23  
 
Figure 3. Schematic representation on glass substrates (a) planar and (b) homeotropic liquid 
crystal alignment. Figure taken from Woltman et al.16 
 
When a film is prepared between two “planar” substrates (or at least substrates with 
very low pre-tilt angles) with perpendicular rubbing directions, the bulk liquid crystal 
alignment will show a 90° twist perpendicular to the substrates.24 The twist is often 
stabilized by the addition of a chiral dopant to the liquid crystal. This is the configuration 
of a twisted nematic (TN) display.25 By applying a small electric field, the molecules will 
follow the direction of the field, leaving the polarization direction of the light unchanged. 
Absorbance of the light by the analyzer results in a black pixel (Figure 4a). In the native 
state, the polarization of the light is rotated 90° by the birefringent liquid crystal film and 
the light passes the analyzer, resulting in a bright pixel (Figure 4b). 
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Figure 4. Schematic representation LC-display. A and P are the (crossed) analyzer and 
polarizer. The substrates are rubbed polyimide-coated glass with microgrooves aligned 
perpendicularly; the direction on each surface is indicated by the mesogen drawn on the 
substrate. (a) The alignment of the liquid crystal molecules when the field is on. The mesogens 
follow the direction of the field and the light and is eventually blocked by the analyzer. (b) 
Alignment of the liquid crystal molecules in the dysplay when the electric field is off. The helical 
alignment of the liquid crystal in between the glass substrates allows the light to pass through the 
display. 
 
1.3 Liquid crystal sensing and bio-sensing 
 
As previously discussed, polarized microscopy images of (planar) aligned liquid 
crystal materials give uniform colors. A disturbance in the molecular alignment results in 
a change in this uniform color for that area and is therefore readily observed, even with 
the naked eye. Due to this sensitivity, liquid crystal materials have been investigated for 
sensor applications.26,27 Besides a high sensitivity, liquid crystals-based sensors allow for 
label-free detection without the requirement of electrical power or complex instruments.16 
These advantages also make liquid crystals-based sensors good candidates for 
applications in occupational settings, such as bedside diagnostics.  
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Liquid crystals have been also exploited as an optical tool in the development of novel 
biosensor platforms. Their high birefringence, controlled (macroscopic) organization and 
their millisecond response times offers the opportunity to combine a relatively fast read 
out with a high sensitivity. The principle of using LCs (mainly thermotropics, but also 
lyotropics) as transducer of (bio)chemical events and signal amplifiers of nano-scale 
events to optical outputs was extensively studied and developed by Abbott and 
coworkers.28,29 The first attempts in LC biosensor design applied similar concepts as 
previously discussed in conventional electro-optic displays like LCD technology. 
Traditional liquid crystals were confined between two surface-immobilized ligands, for 
instance alkanethiols on gold substrates.30,31 Studies with these devices demonstrated 
that binding of different proteins to earlier treated surfaces induced a change in the liquid 
crystal director; not only at the gold substrate, but extending into the liquid crystal-bulk. 
As a result, changes in the intensity of the transmitted light were observed. The 
sensitivity of the transduced signal was controlled optimizing the nanometer scale 
topography of the functionalized surface.32-34  
 
Back in literature, some studies based on emulsions of LC droplets in water, reported 
that surfactants were able to stabilize and align the LCs droplets at aqueous 
interfaces.35,36 The stability of the LC emulsion depends on the type of LC and surfactant 
present as well as the anchoring between them. Interesting studies on the nematic 
director of curved interfaces LC-air were also deeply investigated.37 The referred works 
were the starting point to establish a range of experimental systems that used liquid 
crystals to amplify binding (biological) events taking place at fluid interfaces. One of the 
main challenges of these 2D systems was to fully understand interactions at these 
complex LC-water or LC-air interfaces. 
 
As an example, Brake et al. reported a 2D sensor platform that is able to image the 
reversible adsorption of amphiphiles at LC/aqueous interfaces.38,39 Enzymatic activity 
was targeted through the introduction of lipids to the aqueous phase. The role of the LC 
layer in such system is to transduce any chemical event enzyme-lipid in an optical read-
out and at the same time to amplify the biological process at the interface several orders 
of magnitude (Figure 5).40  
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Figure 5. Schematic representation of liquid crystal biosensor for enzymatic activity. A well-
aligned LC optical biosensor (a) undergoes an optical change after an enzymatic process 
removes the aligning lipid material (b); (c) Optical images show the changes of such a 
biosensor undergoing an enzymatic reaction. The dark regions represent a homeotropic 
alignment and bright regions represent a tilted or planar alignment. Figure taken from 
Woltman et al.16 
 
In brief, the working of such biosensor is as follows: A glass substrate is treated to 
induce a homeotropic alignment and is exposed to a two-layer system of liquid crystal 
and water stabilized by a phospholipid. Due to the amphiphilic character of the lipids, the 
homeotropically aligned liquid crystal phase will interact with the aliphatic tails of the lipid 
at the interface.41 The lipid monolayer stabilizes the interface and maintains the 
homeotropic liquid crystal alignment (Figure 5a) despite the presence of the aqueous 
layer (NB. water without surfactant induces planar alignment). Polarized microscopy of 
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the platform in this initial state results in a dark pixel (Figure 5c, t = 0 min). An enzymatic 
(phospholipase A2) reaction hydrolyzes the phospholipids and the products subsequently 
desorb from the interface into the bulk (Figure 5b). The areas at the interface that are 
depleted of lipids force the liquid crystal layer underneath to reorient to a planar 
orientation that yields a bright pixel under the polarizing microscope (Figure 5c, t = 15 
min). During the transition, the optical appearance of the biosensor using polarized 
microscopy changes as a result of a chemical reaction (enzymatic hydrolysis) that takes 
place at the interface (Figure 5c, t = 15 to 75 min). 
 
Many other examples able to image binding/reaction events at the LC/water interface 
using (sometimes immobilized) biomolecules such as proteins, peptides, enzymes, 
viruses, etc, have been published.42-46 Immobilization techniques will prevent a negative 
effect on the (bio)activity of the biomolecule. The approaches may be supported by 
microprinting techniques or self-assembly monolayers.  
 
In a completely different approach, Yang et al. showed the possibility to use liquid 
crystal-based biosensors to detect heavy metal (such as Hg2+) ions.47 In this example, 
the homeotropic liquid crystal (5CB) alignment is distorted in the presence of double 
stranded DNA, resulting in a birefringent optical image (Figure 6). Briefly, a substrate is 
coated with hydrophobic N,N-dimethyl-N-octadecyl(3-aminopropyl) 
trimethoxysilylchloride (DMOAP) that provides a homeotropic alignment to the liquid 
crystal. In addition, an oligonucleotide capture probe is covalently bound to a glass 
substrate and two oligonucleotides in aqueous solution are added: a hairpin 
oligonucleotide that has a high specificity for the capture probe, and a second 
oligonucleotide that can bind to the remaining part of the hairpin oligonucleotide, a few T-
T mismatches aside. In the presence of Hg2+, the T-T mismatches can form T-Hg2+-T 
complexes and double stranded DNA will be formed. In the absence of Hg2+ ions 
hybridization will not occur. Then the liquid crystal medium is added, which aligns 
homeotropically on the DMOAP monolayer. Double stranded DNA distorts this 
alignment, resulting in bright (polarized) optical images, whereas the oligonucleotide 
capture probe does not, resulting in a black image. Since DNA often depends on metal 
cofactors for hybridization, this strategy can also be extended to detect other metals. 
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Also other examples for the detection of interactions between DNA and cationic 
molecules (for instance ions and cationic surfactants) at the interface LC/water can be 
find in literature.48-50 
 
 
Figure 6. Depiction of LC-based Hg2+ sensing strategy. Figure taken from Yang et al.47 !
In order to develop a real biomedical device, biosensors based-liquid crystals need to 
comply with certain specifications. The materials of the biosensor platform need to be 
biocompatible and not toxic to the biological components to be screened. Therefore, 
toxicology studies of thermotropic and lyotropic liquid crystals have been performed on 
living cells.  Luk et al. tested several types of thermotropic liquid crystals on their toxicity 
towards mammalian cells.51 The authors found that many liquid crystals, such as 
frequently used 5CB and E7, caused cell death after more than four contact hours. 
Another subset of commercially available liquid crystals (for instance TL205), however 
was identified to possess minimal to no toxicity (cells survived up to 12 days on liquid 
crystals substrates).52 Also lyotropic liquid crystals are often biocompatible.53 In fact, 
many biological structures (e.g. cell membranes) exist in lyotropic liquid crystal phases.  
 
Besides the liquid crystal layer, the surface alignment layer in an experimental device 
also needs to be biocompatible. As such, dry low buffer solutions and biomolecules have 
been investigated as biocompatible alignment layers.54,55 Kim et al. developed such 
alignment layer where bovine serum albumin (BSA) was immobilized on glass slides and 
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then rubbed unidirectionally.55 The induced alignment is lost, when the liquid crystals 
comes into contact with an anti-BSA IgG analyte. Other analyte solutions however do not 
disturb the alignment. This type of alignment layer creates interesting possibilities for 
biosensors detecting specific biomolecules 
 
Even though liquid crystals-based biosensors show great potential, they do have 
some drawbacks.  Selectivity and fast read out are important parameters that need to be 
optimized. Some of the above mentioned biosensor platforms suffer from a slow optical 
read out (hours) since the organic and aqueous layer are incompatible. The approach 
relies on the re-orientation of the liquid crystal layer after a recognition event at a surface, 
which intrinsically limits the sensor to two dimensions with consequences also for 
sensitivity. To drastically improve these parameters, a natural solution is to design 3D 
biosensor platforms based on liquid crystals. This approach needs a homogeneous 
phase, which requires (bio)compatibility of all platform ingredients, including the liquid 
crystal. 
 
1.4 Towards 3D biosensor platforms based on liquid crystals 
 
As hypothesized in the previous paragraph, a 3D liquid crystal biosensor is anticipated 
to combine an increased selectivity, sensitivity and read out speed compared to 2D 
analogues. The question is how to design such sensor, in particular with an eye on the 
required compatibility of the liquid crystal and the (bio)analytes. One potential solution is 
provided by ionic liquid crystals (ILCs).  
 
Proposed biosensor platforms based on ILCs. Ionic liquid crystals merge the class 
liquid crystals and ionic liquids and combine anisotropic fluidity with unique properties of 
IL, including biocompatibility. This combination leads to a relatively new class of 
materials that is extensively reviewed in Chapter 2 of this thesis.  
 
A proposed 3D biosensor platform is schematically depicted in Figure 7. In the device, 
the ILC has a double role: in the transduction and amplification mechanism of the 
biological (binding) event. One should define two major platform ingredients: a) the 
stationary phase: a thin, porous (liquid crystal) polymer film, cross-linked for dimensional 
stability; and b) the ILC mobile phase: a liquid crystalline ‘solvent’ that is aligned by the 
stationary phases and gives a high birefringence for optical read-out. 
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The working principle of the 3D sensor is as follows: The stationary phase; a highly 
porous polymer network contains a large amount of mobile phase; the liquid crystal 
solvent, see Figure 7a. Since the network was prepared in the presence of the solvent, it 
acted as a template for the mesogens and thus, gave a macroscopically aligned film.  
 
 
Figure 7.  Proposed biosensing platform based on ionic liquid crystals. (a) A network formed 
by polymer chains that are crosslinked by the (blue) mesogens is equipped with a biological 
receptor (yellow). The pre-aligned network serves as the anchoring site to align the bulk ILC 
(green), yielding a highly birefringent sample. The target (red), mixed in ILC flows through the 
sample following the purple arrow. (b) A binding event of the target with the (bio)functionalized 
network causes a distortion on the organization of the liquid crystal network and, as a result, a 
decrease on the birefringence. (c) Multivalent binding increases network distortion and further 
suppress the birefringence.  
 
Due to the macroscopic alignment, the system will show a high birefringence, which 
optimizes the sensitivity of the sensor. By copolymerization, the final network can be 
specifically bio-functionalized with receptors, introducing selectivity in the device. When 
the network is exposed to an analyte (carried by the mobile phase), binding events can 
take place, resulting in a distortion of the network. As a consequence, the overall order 
parameter in the system decreases and, therefore, the birefringence rapidly decreases 
(Figure 7b). Multivalent binding will intensify the output signal (Figure 7c). An additional 
advantage of such proposed platform is the possibility to integrate it in a lab-on-a-chip 
environment. Furthermore, multiple networks different receptors can be copolymerized, 
allowing for screening of complex biological systems. 
 
The two parts of the sensor, the mobile and the stationary phase should be 
compatible, but can be treated separately. Their requirements are discussed below.  
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ILC mobile phase. A suitable ILC-based medium needs to meet certain requirements 
to be used as anisotropic biocompatible mobile phase on the proposed 3D system.  ─ Room temperature. Due to the poor survival of biomolecules at temperatures 
higher than 37 °C, the mesogen is required to show mesomorphic behaviour at 
temperatures close to room temperature. As will be discussed in Chapter 2, the number 
of examples of room temperature ILCs is limited.  ─ Biocompatible.  Biocompatibility may be tuned by introducing well-known cationic 
cores from the ionic liquid field, such as imidazolium or pyridinium salts, in addition to 
selecting appropriate anions. The exact choice of anions and cations has a direct impact 
on the phase behaviour of the ILCs though. ─ Birefringence. The birefringence should be optimised to enhance the sensitivity of 
the sensor. A high birefringence can be obtained by introducing electron-rich molecular 
moieties (for instance, aromatic rings). These groups at the same time increase the 
rigidity of the mesogen and introduce π‒π interactions, which will inevitably lead to 
materials with high transition temperatures, making it more difficult to realize the first 
requirement.  ─ Viscosity. Determines the fluidity of the mobile phase. Typically, viscosities of 
ILCs at room temperature, often in the SmA phase, are very high and it will be important 
to reduce it to allow flow through the micro porous polymer network. Ideally, liquid 
crystals with less-ordered mesophases, such as nematic phases are used. Less than a 
handful of nematic ILCs have been reported to date. ─ Analyte solubility. So far, little is known on the solubility of biological compounds 
in ILCs. Parameters to tune the polarity, however, have been identified. In particular, the 
anion can play an important role here. By designing ILCs containing more hydrophilic 
counter ions (carboxylates, amino acid derivatives, etc.), one may interface more 
naturally with this requirement.  
 
Stationary phase. A suitable stationary phase to be integrated in the proposed 
platform also needs to meet a number of specifications: ─ Morphology. A highly porous (aligned) polymer networks are possible to obtain by 
photopolymerization of reactive mesogens highly diluted by a nonreactive LC matrix.  ─ Template the mobile phase. The mobile phase need to interact with the stationary 
phase to become macroscopically aligned. This can be achieved by 
(photo)polymerization of the stationary phase in the mobile phase (in the absence of 
analyte obviously). But also other templates are conceivable. No research has been 
presented on this topic so far.   
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─ Mechanical stability. In devices thinner than the average liquid crystal domain 
size (~10 µm), surface alignment techniques can provide macroscopic orientation. This 
thickness however is too thin to integrate the proposed biosensor in a microfluidic device. 
Thicker devices require external fields to maintain uniform macroscopic alignment 
through the sample. This means that such films need to be prepared in external electric 
or magnetic fields. 
 
1.5 Scope of this thesis 
 
The work described in this thesis focuses on different aspects of the 3D liquid crystal 
biosensor described in the previous paragraph. Chapter 2 reviews candidate materials 
for the key components of the mobile phase of the sensor: ionic liquid crystals. The 
current state-of-the-art of this class of materials leaves plenty of room for improvement, 
both from an optical properties (birefringence) perspective as from a more general 
thermal properties materials (room temperature phases) perspective.  
 
In Chapter 3, approaches towards the generation of highly birefringent ILCs are 
described. The increased transition temperatures of these materials are an intrinsic 
problem that is countered by introducing substituents to tune the lateral interactions of 
the mesogens. In addition, the importance of choosing the right counter ion is clearly 
demonstrated in this chapter. 
 
To increase biocompatibility of ILCs, one may need equip them with more hydrophilic 
anions. Whereas hydrophobic counter ions are relatively straightforwardly introduced by 
metathesis reactions, hydrophilic anions are much more difficult to introduce reliably. We 
developed an entire new route to hydrophilic counter ions where the introduction of the 
anion is directly associated with cation generation. As such, no chance for halide 
impurities exists. The development of this route using ionic liquids is described in 
Chapter 4 and the application towards ILCs is given in Chapter 5. The approach has 
directly been used to vary carboxylic anions of the ILCs. This enabled us to design series 
of materials in which the size and the electron density distribution of the anion varies 
systematically. Thermal studies on these target materials, highlights that the anion has a 
larger and complex effect on the mesomorphic behavior that was previously assumed. 
Our synthetic route is an ideal approach to systematically explore the relation structure-
properties of the anion in the mesomorphic phase. Something that is difficult to achieve 
in the more common inorganic hydrophobic anions. 
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In Chapter 6, the attention focuses on the stationary phase. This chapter describes 
methods to make and characterize porous polymer films and how polymerization 
conditions impact the optical properties (birefringence) of the resulting films. The films, 
photopolymerized in a magnetic field, are templated with a traditional, commercially 
available organic liquid crystal mixture, but the principles described in this chapter can be 
extrapolated to ILCs. 
 
Chapter 7 Describes the results of our work to develop a new approach to obtain 
long-range alignment at very low concentration solutions. The chapter describes the 
behavior of two-component aqueous solution in high dilution (>99 % water). One 
component is a semi-flexible polymer; the other is a chromophore that self-assembles 
into stacks. Electrostatic interactions between the two components are at the basis for 
structure formation. Despite the flexibility of either component, we found that strongly 
anisotropic structures were formed. Moreover, at the stoichiometric ratio the assembly 
process yields a material that is uniformly oriented over the entire sample. In the chapter, 
we analyze the observed structures with different techniques and propose a mechanism 
for the assembly, where interaction strengths and assembly rates should be balanced. 
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2.1  Introduction 
The term liquid crystal refers to a state of matter in between a solid and a liquid.1 In this 
phase, orientational order is maintained as in the solid state however; there is an 
absence of three-dimensional positional order in the molecular arrangement. Therefore, 
liquid crystals are also known as ordered fluids (Figure 1.1). Materials that show such an 
intermediate state of matter (the liquid crystal (LC) phase or mesophase) are called 
mesogens or mesomorphic materials and their main applications rely directly on their 
anisotropy.2 The directional dependence of the materials properties, for instance 
birefringence and their facile manipulation by external field initially led to the multibillion 
dollar LCD industry,3 but has currently expanded to many other research fields, such as 
actuators, sensing, micro-optics, etc.4-12 
Typical LCs are organic compounds that have either a rod-like shape (known as 
calamitic LCs, figure 1.2a) or disc-like shape (discotic LC, figure 1.2b). There are two 
different ways to drive a mesomorphic material to its LC phase.1 a) Materials that reach a 
LC phase as a function of temperature are classified as thermotropic LCs (Figure 1.3a). 
b) Materials that reach their LC phase by dissolving an appropriate amount of the 
material in a specific solvent at certain concentration and temperature are known as a 
lyotropic LC (Figure 1.3b). In both cases, the driving forces for mesophase formation are 
interactions between anisotropic molecules, including dipole-dipole and Vander Waals 
interactions, hydrogen bonding or π−π stacking and very important for highly anisotropic 
molecules, minimization of free volume in the bulk.   
The default molecular design of a (calamitic or discotic) mesogen can be modified by 
the introduction of ionic groups leading to the formation of mesomorphic salts called ionic 
liquid crystals (ILCs).13 Their ionic character makes them closely related to another class 
of emerging materials, ionic liquids (ILs).14-16 ILCs offer the features of ILs with the 
additional benefits of anisotropy,17,18 which is reflected in their potential applications 
ranging from anisotropic ILs to LCs with charged moieties,19,20 opening up new avenues 
in the liquid crystal field.21-24 
In general, the molecular design of an ILC consists on an organic cationic core, mostly 
based on a quaternary nitrogen, which is attached to a long hydrophobic chain and 
paired with an inorganic anion. The driving forces for the mesophase formation and 
stabilization of ILCs include (besides the aforementioned interactions) micro-segregation 
of incompatible units (charged and neutral parts of the molecule) and electrostatic 
interactions between cations and anions.18 The first example of an ionic liquid crystalline 
material was given by Ujiie and coworkers.25 Compared to analogous neutral mesogens, 
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their ammonium-based ILCs showed both lower melting temperatures Tm (transition from 
the crystal to LC phase) and higher clearing temperatures Tc (transition from the LC to 
the isotropic phase), leading to an overall stabilization of the mesophase.  
 
 
Figure 1. (1) Liquid crystal fourth state of matter: Schematic representation of a liquid 
crystal phase as an intermediate state of matter between a solid and a liquid phase. (2) 
Schematic representation of the molecular shape of liquid crystals: (a) Rod-like shape: 
Calamitic LC (b) Disc-like shape: Discotic LC. (3) (a) Thermotropic LC (b) Lyotropic LC. 
 
Two different levels of order describe the molecular arrangement in the different 
mesophases: positional order (which refers to the position of the molecules with respect 
to a three dimensional lattice) and orientational order (that refers to the orientation of the 
molecules to their average orientation, the director). With this classification, different 
mesophases can be distinguished (Figure 2). The nematic (N) phase (Figure 2a), most 
commonly found for calamitic molecules is characterized by only orientational order 
where its director is defined by a unit vector ñ. The addition of a chiral dopant to the 
nematic phase, or the use of a chiral mesogen may lead to the formation of a chiral 
nematic or cholesteric (N*) phase (Figure 2b), wherein the molecules are again 
Chapter 2: Ionic liquid crystals 
  ! 24 
characterized by orientational order, but are, in addition, arranged in an helical manner. 
The (N*) phase is a common phase for display applications.  
Phases with orientational order and one-dimensional positional order along the 
director ñ are called smectic phases (Sm). There are different types of Sm mesophases 
that differ in the in-layer molecular organization. The smectic A (SmA) phase (Figure 2c) 
is defined by such layered assembly wherein the mesogens are oriented with their long 
axis parallel to the director (for calamitics) but lack in-plane positional order. The smectic 
C (SmC) phase (Figure 2d) differs from SmA phase as the mesogens in the layers show 
an average tilt with respect to the layer normal, but still lack in-plain positional order. The 
smectic B (SmB) phase (Figure 2e) is characterized by a short-range positional order. 
There is a smectic phase that has been only found in ILCs,26 the smectic T (SmT) phase 
(Figure 2f). It is characterized by tetragonal layers separated by long alkyl chains and is 
only formed by ILCs based on ammonium mesogens. In the (SmA2) phase (Figure 2g), 
often found for phosphonium-based ILCs, the cations and anions are assembled in 
bilayers separated by a double layer of alkyl chains. The molecules within the layer are 
arranged locally in a hexagonal symmetry, but the long-range positional order is lost 
within a few intermolecular distances.  
Discotic molecules tend to organize into columns. Depending on the subsequent two-
dimensional arrangement of these columns, one can distinguish two major types of 
mesophases; hexagonal (CoIh) and rectangular (CoIr) columnar phases (Figure 2h and 
2i). Cubic (Cub) phases (not shown) have no orientational order, but do display three-
dimensional positional order and have rarely been observed for ILCs. In fact, smectic 
phases (in particular SmA phases) dominate the mesomorphic behavior of ILCs as 
Coulombic forces and strong micro-segregation dictate the molecular interactions. 
Consequently, also very few examples of nematic phases of ILCs have been reported.27-
29 
Starting from an unknown ionic mesogen, there is no conventional theory to predict 
the type of mesophase the compound will form or the thermal range of the mesophase 
stability.  This gap in the field can be attributed mainly to a lack of understanding of many 
molecular factors that influence the stability of the (ionic) mesophase.  
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Figure 2. Schematic representation of different liquid crystal mesophases. The director ñ is 
given for every mesophase. Figure taken from Laschat et al.17  
 
There are, however, significant experimental efforts in the field that aim to develop 
such set of rules to predict the thermal range of ionic liquid crystals.30 Important 
parameters in such studies are for instance the type of cationic core, the length and 
nature of a substituted aliphatic chain and the counter ion. In the case of the counter ion, 
which obviously plays a crucial role in ILCs, the standard approach was to pair the 
mesogenic cationic core with small spherical inorganic anions. Recently, anions with 
strong organic character have shown outstanding properties regarding thermal stability 
and reduction of the phase transition temperatures.29,31  
As in conventional uncharged mesogens, it remains difficult to use computational 
methods in the prediction of phase behavior. In 2010, a theoretical approach was 
reported.32 By employing density functional theory, the authors attempted to explain the 
influence of the anisotropic charge distribution on ionic mesophase stability. The theory 
predicted that the stability range of nematic phases in ILCs is rather small, but not 
negligible. The authors concluded that the micro-segregation effect of incompatible 
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charged (cation or anion) and neutral moieties plus the aggregation of compatible 
hydrophobic chains leads to a layered structures of alternating charged and hydrophobic 
groups. A stable nematic phase can then be induced by increasing the strength of the 
electrostatic interactions, for instance by placing a single charge in the center of the 
mesogen or two charges on a certain distance.  
Molecular Dynamics (MD) simulations are well-known tools to increase the 
understanding of condensed matter. Both LCs and ILs have been intensely studied in the 
development of force fields for classical MD simulations.33,34 In the case of ILCs, the long 
range order and electrostatic interactions significantly increase the viscosity compared to 
traditional ILs and the development of an entire phase diagram requires extensive 
simulations to properly equilibrate the system.35 In 2012, Saielli reported the thermal 
behavior of a model system based on a coarse grained force field (CG-FF) for ILs, that 
was extended for ILCs.36 A comparison between the simulations and the experimental 
data available of a model ILC 1-hexadecyl-3-methylimidazolium nitrate demonstrated 
that the model was qualitatively accurate. Nevertheless, quantitative transition 
temperatures were wrongly predicted, especially the melting temperature Tm.17 Running 
series of simulations with atomistic force fields, that are fully parameterized to reproduce 
structural and dynamic interactions on the SmA ionic mesophase, would mean a step 
towards a quantitative description.37 However the development of atomistic force fields is 
indeed a major challenge in the computational field.  
This introduction follows two important reviews from Laschat17 and Binnemans.18 The 
latter one summarizes extensively all the progresses on ionic liquid crystals until 2005. 
The first review, more concisely focuses on revolutionary materials developed from 2005 
to 2011 and is an update of the work of Binnemans. Both publications classify the ionic 
liquid crystal field based on the chemical nature of the cationic group. By following that 
guideline, this chapter roughly follows their example and includes some of the recent 
literature in the field. In particular, focusing on the key steps that advanced the field of 
ILCs to its current status and the steps that are required to develop it to applications. 
Closely related lyotropic and chromonic liquid crystals, although often ionic compounds 
(always in combination with solvents) will not be discussed in this chapter, but the reader 
is referred to some excellent reviews.38-42 Also, the class of metallomesogens is not 
reviewed in this chapter.43  
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2.2 Materials 
 
As discussed previously, ILCs are commonly built-up from long hydrophobic chains 
linked to a positively charged organic core. This structure favors the formation of smectic 
(lamellar) structures by microsegregation of the charged and hydrophobic groups. 
Among a huge variety of ionic mesogens studied so far, the majority is derived from 
imidazolium cations. Other commonly investigated ILCs are based on ammonium, 
phosphonium, pyridinium, and more recently, viologens or guanidinium cations.  
The research field during the early years focused on developing structure-properties 
relations to understand self-organization and the interactions that stabilize the ionic 
mesophase. Most of this work was centered around the investigation of the effect of the 
aliphatic chain length on the thermal behavior of these ionic compounds. Latter, a 
considerable amount of work also focused on expanding the realm of accessible 
mesophase by ILCs, mostly by changing the number of aliphatic chains in the material. 
Systematic studies on the counter ion and the introduction of functional groups in the 
aliphatic chains lacked in these early days. The incorporation of (substituted) heterocyclic 
cores was, although synthetically more challenging, highly rewarding in the sense that 
mesophases were found at more accessible temperature ranges. These heterocyclic 
structures are still the workhorse to date and will be further discussed later in this 
section.  
Research on the variation of the counter ions did, however, not develop to the same 
level as the work on the cationic moiety. Until 2012, the majority of the ionic mesogens 
synthesized contained a standard number of counter ions mainly of hydrophobic nature 
(BF4─, PF6─, NTf2─, I─). The counter ion provides an additional tool to efficiently modify 
the mesophase behavior of an ILC, but also other physical properties, including for 
instance viscosity.44 To illustrate this, recent studies on the dimensional effects of anions 
(and cations) showed, in fact, that one should consider ILCs to be composed of 
“congruent ion pairs” rather than studying them independently.45 Previous work did study 
the anion independently from the mesogenic cation, albeit the authors drew similar 
conclusions. This work highlighted the tremendous effect that the anion has on the 
physical properties of the material.30 
In order to review and summarize the key steps in the development of the field of ionic 
liquid crystals, we will discuss different classes of cations, starting from very simple soap-
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like aliphatic ammonium salts and ending with more complex mesogens where the 
cationic groups are incorporated into a more traditional mesogen.  
 
2.2.1 Simple aliphatic cations 
Structurally the simplest ILCs are composed of a nitrogen or phosphorus atom 
substituted by one to four (long) aliphatic chains. In the case of amines, when less than 
four alkyl substituents are used a charged center can be generated by protonation of the 
nitrogen atom. This section discusses these straightforward ILCs, starting from 
protonated primary amines and continuing by alkyl-substituted ammonium and 
phosphonium salts. Because of the limited availability and the high chemical reactivity of 
the typical starting materials of phosphonium-based ILCs (trialkylphosphines) this class 
of materials were studied in less detail than the corresponding ammonium salts. As both 
materials do share the molecular design, they are discussed together. Despite the 
similarity in structure, the thermal behavior and mesogenic textures showed by this two 
cationic cores are remarkably different.  
Primary ammonium salts. The simplest type of LC ammonium salts are based on n-
alkylammonium chlorides (Scheme 1, 1).46 They are easily obtained by bubbling 
hydrogen chloride through a solution of n-alkylamines. In one example, the length of the 
alkyl chain substituted to the cationic moiety was studied.47 Short alkyl chain compounds 
are too hygroscopic and their phase behavior was not discribed. The thermal behavior of 
the compounds with alkyl chain lengths n = 6─18 were investigated. These compounds 
showed a SmA phase after their melting point. The clearing temperatures were not 
clearly defined since the smectic domains coexisted with the isotropic liquid, pointing to 
decomposition. 
These classical soap-like materials have great structural resemblance to the inverted 
analogues where the hydrophobic tail is attached to the anion and the salts are 
complimented with a small inorganic cation. Examples of these materials are alkali 
carboxylates (f.i. sodium stearate) and alkali alkylsulfonates. Although LC phases have 
been observed for these materials, the transition temperatures are of the order of the 
decomposition temperatures, making analysis unreliable, in analogy to the ammonium 
salts discussed above. These materials, both the anion and the cation-based materials 
do form well-defined lyotropic phases.   
To reduce the high transition temperatures of the ammonium chlorides, ionic salts 
bearing anionic moieties of an organic nature were synthesized and studied. This topic 
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will come back multiple times within the present chapter. Matsunga and coworkers 
investigated the thermal behavior of ionic systems based on alkylamines and anions 
based on aromatic acids.48,49 Since the (simple) cation is kept constant in these studies; 
this work is a clear example of the role of the counter ion influencing the mesomorphic 
behavior of the material. In the first approach, two series of alkylammonium 
benzenesulfonates (2) and picrates (3) were selected as target molecules and their 
thermotropic behavior was investigated. Nitrate and sulfonate groups are well known for 
their strong electron withdrawing effect on aromatic rings and thus, in this case, a 
stabilization of the negative charge on the anion was anticipated.  
This study highlights the difference in the ability of these two anions to stabilize a 
mesophase. Picrates (3) displayed a mesophases with cationic cores composed of 
aliphatic amines with carbon chain lengths of, at least, heptadecyl or octadecyl groups, 
whilst the benzenesulfonates (2) also showed mesomorphic behavior with much shorter 
alkylamines, from decyl to octadecyl alkyl chains.  Furthermore, the thermal behavior of 
pyridine-3-sulfonate anion (4) showed a remarkable mesophase stabilization compared 
to that of compound (3). This result was attributed to hydrogen bonding interactions 
between the ammonium cation and the nitrogen atom of the pyridine counter ion (4). To 
further investigate the ionic interaction involved in the mesophase stabilization, this study 
was extended to anions based on fused aromatic rings naphthalene-1-sulfonates (5), 
naphthalene-2-sulfonates (6) and 1-naphthol-4-sulfonates (7). The higher Tm and Tc for 
(6) compared to (5) is explained by the increased degree of interdigitation of the 2-
substituted naphthalene with respect to the 1-subsituted anion. Furthermore, the 
introduction of the OH group in (7) favors hydrogen-bonding interactions in the ionic 
system, resulting of a positive stabilization of the mesophase of compound (7), reflected 
by an increase of both Tc and Tm. No mesomorphic phase was observed for molecules 
with aliphatic tails shorter than thirteen carbon atoms attached to the cation. Studies on 
the influence of the tail length show that the mesophase widens markedly by increasing 
the chain length. These early results touch on some of the fundamental parameters of 
ILC design: chain length, anion design and the introduction of targeted interactions 
(dipolar, π─π, etc), either in the anion or in the cation.  
An example where the additional targeted interactions largely progress the field is the 
report on ILCs based on guanidine and cytosine.50 In both materials, the mesogen is 
composed of a nucleobase, equipped with a short acid-functionalised tail that forms an 
ILC with an aliphatic amine. These types of salts were formed smectic phase as a result 
of assembly at two levels. Segregation of incompatible units (lipophilic to hydrophilic 
moieties) due to the formation of alkylammonium salts of (8) and (9) and dimerization.50 
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Self-dimerization of these salts through molecular recognition resulted in homodimer 
formation towards base pairs guanine-guanine (10) or cytosine-citosine (11). Equimolar 
mixtures of guanine and cytosine salts resulted in heterodimer formation by molecular 
recognition (12), which at high temperatures did exhibit smectic behavior. 
 
 
Scheme 1. 
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Quaternary ammonium and phosphonium salts. In literature, quaternary 
ammonium salts are often compared to their equivalent phosphonium salts.17,18,51,52 Both 
materials share a similar synthetic route: a quaternization reaction of trialkylphosphines 
or trialkylamines with an alkyl halide.47,53 Due to the lower availability of the phosphonium 
salts, however, this class of ILCs has received less attention. Overall, these two 
quaternary salts differ on their mesomorphic phase; phosphonium salts commonly 
display SmA2 mesophases, whereas the ammonium salts often show the more 
straightforward SmA phases.54 In addition, phosphonium salts show a better stabilized 
LC phase, indicated by the wider thermal range of the mesophase with a notable 
increase of the Tcs. Furthermore, they also show higher thermal stability compared to 
ammonium salts. The rational behind the difference in thermal behavior observed for 
these materials is attributed to orbital levels: the 3d orbitals available in the phosphonium 
atoms and not in the second row nitrogen atoms participate in bonding interactions.55,56  
a) One long alkyl chain 
The first report, by Iwamoto and co-workers discussed the thermal behavior of 
ammonium salts containing a single aliphatic chain with chloride, bromide or iodide as 
counter ion.57 Due to the thermal decomposition of these materials at high temperatures, 
the studies could not verify a LC phase after the observed Tm. Following studies were 
able to determine thermal properties of such mesomorphic materials by substituting one 
of the methyl groups by longer alkyl chains or short functionalized alkyl groups. The initial 
approaches were focused on studying the thermal behavior of different cationic cores, 
whilst keeping the same anionic moiety bromide. Both propyl (Scheme 2, 13) and 
hydroxypropyl compounds (14) showed a SmA phase. Compound (14), however, 
showed a wider thermal range for the mesophase given by a remarkable increase of Tc. 
This result highlights again the role of hydrogen bonding as a tool to stabilize mesophase 
formation. The work was extended to other functional substituents (alcohols, carboxylic 
acids, cyano groups)58-62 including a terminal double bond.63 The overall conclusions 
from these studies show that the introduction of different polar groups on aliphatic chains 
causes changes of the micellar parameters similar to those changes caused by 
increasing the length of the alkyl chain. The thermal stability and the range and number 
of the textures are comparable, but intrinsically dependent on the nature of the functional 
group introduced. 
As with the protonated materials, ILCs with anions with a more organic character, are 
sometimes, more stable and easier to manipulate. This allows then, to investigate the 
substitution pattern on the cationic core of the mesogens. The triethyloctylammonium 
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(15) and trimethylhexadecylammonium (16) cations show a SmA phase at room 
temperature and 80 °C, respectively. The corresponding bulkier substituted tributyloctyl 
(17) and tributyldodecylammonium (18) salts, however, are not mesomorphic. The work 
suggests a different approach of manipulating the thermal behavior of the material 
considering ionic moieties as counter pairs. A proper balance of the size and interactions 
of both ionic moieties would lead to desired properties like room temperature 
mesophases.18 
An important contribution that should be mentioned featured a calamitic azobenzene-
based mesogen with a quaternary ammonium group attached laterally through a short 
spacer (19).28 Depending on the length of the terminal alkyl chain the authors observed 
different mesophases. The mesogens containing C6 or C8 terminal tails showed the 
highly atypical nematic phases close to room temperature (both Tm and Tc). When longer 
side alkyl chains were introduced, C10 and C12, the nematic phase was displaced by 
SmA phase. This work is the only example of an ILC displaying a room temperature 
nematic phase until today, despite the significant efforts by multiple research groups to 
find similar or alternative structures with the same properties. The general architecture of 
these molecules where a more traditional mesogen is combined with an ionic group, 
either with or without a flexible spacer is discussed in detail in paragraph 2.2.2.  
Phosphonium salts, bearing one, two or three long alkyl chains, were studied by 
Weiss and coworkers.54,64,65 The phosphonium salts with one long alkyl chain displayed 
SmA2 phases characterized by a strong interdigitation between alkyl chain and therefore 
higher thermal stability and mesomorphic windows; the phosphonium mesogens with 
multiple tails are discussed in the next paragraphs. 
b) Two long alkyl chains 
For mesomorphic ammonium salts containing two long alkyl chains a new type of 
smectic phase, the SmT phase was found. The first example of quaternary ammonium 
salt displaying a SmT phase was found in N,N-dialkyl-N,N-dimethylammonium bromides 
(Scheme 3, 20).27,66,67 To display such mesophase, it is not necessary that the two long 
alkyl chains contain the same number of carbons. 
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Scheme 2. 
 
The molecular structure of the SmT phase, can be described by the ammonium head 
groups and counter ions packed into tetragonal vertex separated by each other by 
randomly oriented long alkyl chains (see also Scheme 1).  
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Scheme 3. 
 
By modifying the molecular design of quaternary ammonium salts with different 
functional groups, the SmT phase can be either completely displaced or can coexist with 
other mesophases. For instance, when a cyano group is present at the terminal position 
of one of the alkyl chains, the Sm T phase is displaced by a SmA phase.59,61 
Furthermore, the SmT phase was found at lower temperatures than a SmA by Skoulios 
and coworkers in systems bearing 2-hydroxyethyl chains at the polar head group.68 The 
homologous equivalent (N,N-di-n-alkyl-N,N-dimethylammonium bromide) with longer 
C14 and C18 tails do, however, not show SmT phases, but rather SmA2 phases where 
the tails of the mesogens show significantly less interdigitation than in the SmT phase 
and also than the tails in the ammonium salts bearing one long alkyl chain.69  
Kanazawa and coworkers studied the mesophase behavior of the corresponding 
phosphonium salts N,N-di-n-alkyl-N,N-dimethyl phosphonium chlorides (21) with long 
alkyl chains of C10, C14 and C18.70 Compared to the thermotropic ammonium salts with 
similar substitution patterns previously discussed, all the phosphonium salts exhibited a 
SmA phase. The mesophases of the phosphonium salts showed a wider thermal range 
and higher thermal stability compared to the ammonium salts.    
c) Three or four long alkyl chains 
Weiss and coworkers investigated the mesophase formation of phosphonium salts 
containing three or four long alkyl chains.54 Methyl tri-n-decylphosphonium chloride and 
bromide (Scheme 4, 22) just showed a crystal phase, but their monohydrate versions 
behave as a room temperature ionic liquid crystal showing a SmA2 phase. The reason for 
the destabilization of the crystal phase was mainly attributed to the hydrogen bonding 
between the halogen anions and the water molecules. When the anionic moiety of 
hydrate version was exchanged by a nitrate counter ion, for instance, the crystals phases 
were followed by a mesophase at around 60 °C. By adding a small amount of acetonitrile 
(ca. 1 %-wt), the transition temperatures dropped dramatically and melting points 
became sub-ambient. This thermal behavior pointed to the formation of liquid-crystalline 
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clathrates due to the presence of acetonitrile. Later studies remark more extensively the 
ability of (thermotropic) phosphonium salts (23) to change their thermal behavior by the 
addition of a proper (small) amount of protic solvents (water, methanol),64,71 or by 
attaching hydroxyl groups to the mesogen (24).72 The aggregation equilibra of tri-n-
dodecylammonium chloride and nitrate in benzene was also investigated.73 
Benzyl-tri-n-octadecylphosphnium bromide (25) is an example of a phosphonium salt 
that contains four large chains. The mesomorphic behavior of this material was 
characterized by a SmA2 phase. Its thermal stability is clearly higher than its analogous 
ammonium salt (26), which shows, however, a wider mesomorphic window than the 
phosphonium salt.53,74 No mesophases were observed for symmetrical tetra-n-
alkylphosphonium halides.   
A special class of thermotropic materials based on quaternary ammonium salts form 
so-called biscontinuous cubic liquid crystals (Cubbis).75-77 These materials were used in 
the preparation of ion conductive polymeric films with three-dimensional interconnected 
ion channels. The molecular design of these mesomorphic compounds was based on 
wedge-shaped ammonium salts (based on ionophobic and ionophilic parts). The 
molecules (27) were based on polymerizable ammonium moieties complexed with a 
lithium salt. Thermal studies of the monomer indicated the Cubbis phase between ─5 and 
19 °C on a heating ramp and a hexagonal columnar phase (CoIh) at higher temperatures, 
19─56 °C. The Cubbis organisation can be preserved by an in-situ photo-polymerization 
reaction leading to a free-standing and optically transparent film.  Polymer films with 
Cubbis LC nanostructures exhibit higher ion conductivities than films obtain by photo-
polymerization in the CoIh or isotropic phase and the three-dimensional interconnected 
ion channels derived from the Cubbis phase were considered as efficient ion conductive 
pathways.  
In a later work on Cubbis LC materials, phosphonium salts have been studied for 
comparison with ammonium salts. Focused on the promising wedge-shaped molecular 
design, two series of ammonium (28) and phosphonium (29) salts were prepared and 
there mesomorphic and ion-conductive properties investigated.78 The phosphonium-
based compound was the first example of a phophonium salt displaying a Cubbis 
mesophase. Ammonium and phosphonium salts showed similar phase transition 
behavior. These ionic salts induce mesomorphic phases (Cubbis,, CoIh) depending on the 
chemical structure of the ionic moiety, the length of the alkyl chain or the type of counter 
ion. Furthermore, phosphonium salts exhibiting Cubbis mesophases showed at room 
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temperature, higher ionic conductivities than the homologous ammonium-based Cubbis 
LC salts.  
 
 
Scheme 4. 
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d) Heterocycles 
For ionic liquid crystals based on heterocycles different physical properties were 
expected. Firstly the ionic group is more shielded by the aliphatic rings, which impacts 
the microsegregation between the ionic and nonpolar parts that forms the basis of phase 
formation. Secondly, by using aromatic heterocycles, the charge density is spread out 
over a much larger volume than is the case in the straightforward ammonium salts. This 
effect similarly can be expected to largely contribute to the mesophase behavior.79   
Chronologically, among the first cyclic (aliphatic) ammonium salts studied were 1,4-
diazoniabicyclo[2,2,2]octane dibromides (Scheme 5, 30).66 This mesomorphic dications 
with different chain lengths exhibited SmT phases. A main feature of this material is that 
it shows a strong tendency to spontaneously align homeotropically, not just during the 
cooling process from the isotropic phase, but also during the heating ramp.   
Pyrrolidinium bromide salts (31) exhibit mesophases with alkyl chains longer than C11 
atoms.80 The bromide counter ion, can easily be exchanged by a wide range of anionic 
species with a different nature (hydrophobic, metal coordinated, etc.). Pyrrolidinium 
compounds exhibit rich polymorphism (SmT, SmE, disordered SmA and hexagonal 
columnar phases). The length of the alkyl chain and the nature of counter ion have a 
great influence on the mesomorphic behavior of the final material. An increase of the 
aliphatic tail length stabilizes the mesophase slightly. The authors attributed the different 
thermal behavior to the different size of the counter ion. The compounds with BF4─, PF6─ 
or SCN─ anions have similar sizes, explaining their similar behavior. The absence of a 
mesophase in NTf2─ and Eu-based salts was attributed to the larger size of these anionic 
species.  
The important role of the counter ion to influence the thermal properties of the material 
is also highlighted by the pyrrolidinium-based mesogens.81 In this work different pendant 
biphenyl-derived groups were linked to the pyrrolidinium cationic core via a flexible alkyl 
spacer (32). With the exception of the ionic salts containing NTf2─ counter ions the 
materials showed rich polymorphism of highly ordered smectic phases. As expected, 
salts with longer spacers and terminal alkyl chains showed lower melting points than 
their shorter homologues. Again, the Eu containing salts did not show mesophases, 
attributed to the bulkiness of the counter ion that prevents mesophase formation.  
In addition, researchers studied the mesomorphic behavior of ionic salts based on 
different aliphatic heterocycles, such as piperidinium compound (33), piperazinium, 
compound (34) and morpholium compound (35). The central goal of these studies was to 
develop room temperature ionic liquid crystals.79 From a molecular design point of view, 
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all these cationic cores contain six-membered rings and a localized positive charge. Most 
ionic liquid crystals studied (imidazolium and pyridinium salts) are charge delocalized 
cationic cores only display SmA phases. Therefore, aliphatic heterocycle systems open 
the possibility to explore whether ionic liquid crystals bearing a localized charge exhibit 
unusual mesomorphic behavior.82 The notable polymorphic nature of the latter materials 
was attributed to the nature of the cationic core. The most remarkable mesomorphic 
behavior was reported for the morpholinium sulfosuccinate salts. These materials 
showed room temperature hexagonal columnar mesophases with clearing points around 
120─147 °C. X-ray diffraction analysis and molecular modeling confirmed the 
unexpected hexagonal columnar phase: Via a self-assembly process of three molecules; 
a disc-shaped supramolecular mesogen is obtained, that subsequently orders into a 
hexagonal columnar phase. The piperazinium-based compounds form LC phases solely 
with the sulfosuccinate anions, showed different mesomorphic textures (SmA, SmE or 
SmT at temperatures below 100 °C). Studies on piperidinium core showed that a 
minimum alkyl chain of 14 carbon atoms was necessary to induce mesomorphic 
behavior.  
Although the authors aimed to decrease transition temperatures by changing the 
cationic core, the largest effects were obtained by the counter ion. A dramatic decrease 
on the melting point of piperidinium, piperazinium and morpholium salts was realized by 
replacing the chloride anions with anionic moieties such as dodecylsulfate (DOS) or 
different dialkylsulfosuccinates (SU). The identification of room temperature ionic liquid 
crystals is important for future applications. In the case of ionic liquid crystals showing 
columnar phases, this would lead to anisotropic ion conductivity, as such materials are 
expected to show higher conductivity along the columnar axis rather than perpendicular 
to it.20 
 
2.2.2 Aromatic cations 
Ionic liquid crystals based on aromatic cationic cores have received most attention in 
the field. The major difference with the aliphatic cations discussed above is the charge 
distribution of the cation over a larger volume. This reduces ionic interactions yielding 
materials with lower transition temperatures and therefore better application potential. 
Different examples of such aromatic ILCs, based on for instance imidazolium, pyridinium, 
guanidinium, quinolinium and viologen have been reported.17,37,83-88 Due to their good 
accessibility and availability for synthetic manipulation some of them have been studied 
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and exploited to a greater extent than others over the years. Much of the work on ILCs 
(and in fact, also much of the work on ILs) focuses on two aromatic cores: imidazolium 
(Scheme 6, (36)) and piridinium (37) cationic cores. 
 
 
Scheme 5. 
Qualitatively, imidazolium and pyridinium salts show some similarities that explain 
their popularity in the field.  From a synthetic point of view, the excellent (commercial) 
availability of the starting materials and the relatively high reactivity given by electrophilic 
nitrogen centers allow access to a large library of ILCs where structure-property relations 
can be studied in great detail. The driving forces for the formation of pyridinium and 
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imidazolium liquid crystals are similar: ionic, dipole-dipole and Van der Waals 
interactions of the aliphatic tails (analogous to the aliphatic ILCs) in addition to π‒π 
interactions from the aromatic core.  
 
 
Scheme 6. 
 
There are, however, also some differences that limited the work on pyridinium salts 
compared to the imidazolium salts in the past years. The imidazolium salts contain two 
electrophilic centers, which doubles the possibilities for functionalization and the 
introduction of different moieties and tailor the (thermal) properties of the mesogen. In 
pyridinium salts, this is synthetically more cumbersome to realize. In addition, the five-
membered ring of the imidazolium core leads to more bend-like molecules compare to 
the linear para-substituted phenyl group, associated to higher melting and clearing 
transition temperatures for pyridinium than for imidazolium salts.89  
In the following paragraphs, we will separately discuss the thermal behavior of these 
two types of aromatic (i.e. imidazolium or pyridinium-based) ILCs: with simple aliphatic 
tails and with core-extended groups, that brings them closer to classical non-charged 
mesogens. Due to the advantageous thermal behavior displayed by the imidazolium 
salts, we will focus our attention on these materials and only mention some examples of 
pyridinium-based ILCs in the first paragraphs.  
Simple aliphatic tails. In analogy to the quaternary ammonium salts, discussed 
earlier, the simplest types of aromatic ionic salts have a charged, delocalized core that is 
substituted by one or more alkyl chains. Typically, such materials display SmA phases89-
91 where the molecules are arranged in layers that are stabilized by different 
intermolecular interactions (but dominated by ionic interactions). 
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Imidazolium and pyridinium ILCs with a single substituted long alkyl chain (Scheme 6) 
show qualitatively common structure-thermal property relations: Firstly, the temperature 
range of the mesophase increases with increasing the alkyl chain length. The minimum 
chain length to display a mesomorphic phase, however, depends on the anionic moiety 
of the ILC.89,92-96 The introduction of different counter ions in the same cationic moiety 
has a higher impact on Tc than on Tm, similar to what was found for earlier discussed 
salts.48,49 In the case of N-(n-alkyl)-pyridinium halides (Scheme 7, (38)) the observed 
temperature range decreases in the order Cl─ >Br─ > I─.95,96 The influence of the anion on 
the mesomorphic behavior of 1-(n-alkyl)-3-methyl-imidazolium salts (n= 12-18) with PF6─ 
and BF4─ was investigated in different studies (39).94,97 Both series showed a SmA 
phase, however the imidazolium salts bearing BF4─ anions displayed a mesophase 
already with a length of the alkyl chain (n=12). The homologues ionic salts bearing PF6─ 
as counter ion displayed mesomorphic behavior with a length of the alkyl chain (n=14) 
and in general, higher melting temperatures than ionic salts containing BF4─ as counter 
ion.  In a related study, series of 1-(n-alkyl)-3-methyl-imidazolium, containing Cl─, Br─, 
triflate (OTf─), BF4─ and bis(trifluoromethanesulfonyl) imide (NTf2─) as counter ions was 
investigated.90 All the BF4─, Cl─ and Br─ salts investigated bearing a minimum alkyl chain 
of n=12 were characterized by SmA2 phase. The studies90 attributed two factors to the 
interlayer spacing dependency of the mesomorphic materials: a) The interlayer spacing 
increases by increasing the length of the alkyl chain; and b) The interlayer spacing 
strongly depends on the nature of the anionic moiety and increases in the order OTf─< 
BF4─< Br─< Cl─. In other words, this order is in agreement with the ability of the counter 
ions to form 3D hydrogen-bonding lattice. However studies also point that thermal 
behavior of hygroscopic counter ions (like Cl─ and Br─) are more complicated than the 
more hydrophobic anionic moieties (like PF6─ or BF4─). The main difference is attributed 
to the difficulty to obtain those ionic salts bearing hydrophilic counter ions in the 
anhydrous form. Anhydrous salts have lower melting points and enthalpies than hydrated 
ones. This is attributed to the fact that the structure of the hydrated salts is stabilized by 
hydrogen bonding between the hydrophilic anion and the water molecules. This results 
indicated that previous chloride salts studied by the same author were indeed hydrated.89 
A detailed study on the long-chain 1-(n-alkyl)-3-methyl-imidazolium chloride attributes 
thermal behavior of the hydrated chloride salts to conformational changes on the 
imidazolium moieties.92   
The imidazolium core, pre-eminently is suited for the introduction of two the same or 
different aliphatic substituents.91,98,99 The symmetrical substitution pattern enhances their 
rod-shaped character and promotes the lower ordered monolayer SmA phases over the 
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bilayered SmA2 phases that are often found for more strongly asymmetric mesogens 
(40).  Mesogens with two C10 or longer alkyl chains (41) (and their mixtures) show SmA 
phases with temperature windows strongly dependent on their counter ion. Recent work 
showed that room temperature mesophases are in reach for these straightforward 
mesogens equipped with BF4─ or ClO4─ anions.100  
 
 
Scheme 7. 
 
The geometry and substituent structure of the cation plays an important role in the 
phase formation of such materials. For instance, in protonated alkylpyridines (Scheme 8, 
42 and 43) mesophase formation depends on the relative position of the ammonium 
center and the aliphatic chain. A LC phase is observed for (42) with the chain close to 
the ammonium center,95 but not for (43), with the chain opposite to the cationic center. 
However methylation of the nitrogen atom did induce mesomorphic behavior on the 
materials (44) (m=1).101 Alkylation of the nitrogen atom again induces mesomorphism on 
the material, even when the side chain is placed on 4 position (44) (m=12).102 This 
material has two tails and, hence is more likely to display liquid crystalline properties, as 
it is discussed in the following paragraphs. 
Another example, but following a slightly different approach, is given by imidazolium 
salts where the long alkyl chain was placed on the anionic, moiety rather than on the 
cationic core. Experimental evidence from other studies indicate that this change does 
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not bear a large effect on the mesopmorhic properties, as the ion pair should be 
considered as a pair rather than the individual components.30,84 It was observed that 1,3-
dimethyl imidazolium dodecylsulfonate (45) displayed a SmA phase. A methyl group on 
the imidazolium 2-position (46) suppresses the mesophase, whilst substitution on the 4-
position (47) effectively suppressed the crystallization and opened the temperature gap 
for mesophases.103 
 
 
Scheme 8. 
 
Subsequently, a second long alkyl chain substituent or small polar group, can easily 
functionalize the cationic core on the side chain. 
Alternatively, functional groups can be introduced in the aliphatic tails. Analogous to 
what was observed in the ammonium salts, mesogens with hydroxyl groups in the β-
position from the imidazolium core widens the temperature range of the mesophase. 
Mesomorphic materials experienced a decrease of the melting point (many of them 
below room temperature) as well as an increase of the clearing temperature (scheme 9, 
(48)).104 The ion‒dipole and hydrogen bond interactions in these mesogens effectively 
increase the rigid core size and stabilize the hydrophobic side chain organization in the 
layered mesophase over a wide range of temperature. At the same time, the steric 
hindrance induced by the (racemic) hydroxyl group suppresses crystallization by allowing 
molecular rearrangement inside the LC phase until sub-ambient temperatures.  
Chapter 2: Ionic liquid crystals 
  ! 44 
The introduction of a methyl group in the tail aliphatic tail ((49) and (50)) generating a 
tertiary (chiral) carbon atom, also introduces steric effects but lack the stabilizing 
interactions.105 Mesomorphic behavior was just observed for imidazolium salts bearing a 
tetradecyl chain and bromide as counter ion and in compound (50). Imidazolium (51) and 
pyridinium (52) salts containing a methyl group in position four (chiral) to the nitrogen 
atom were investigated in later studies.106 Of particular interest in this work was to 
explore the effect of the counter ion on the mesomorphic behavior of the target ionic 
salts. All mesogenic materials reported in this study displayed a SmA phase. Their 
mesophase stability decreased in order Br─ > AcO─ > I─ > BF4─ > SCN─ > PF6─ for the 
imidazolium salt (51) and Br─ > AcO─ > BF4─ > I > SCN for pyridinium ILCs (52). Overall 
however, the pyridinium mesogens showed much lower transition temperatures 
compared to the imidazolium salts. 
Mesogenic moieties. Besides the introduction of long (branched) alphatic chains, the 
liquid crystal properties of ILCs may be modified by extension of the rigid aromatic part of 
the mesogen. As a general trend incorporation of a phenyl group to an ionic salt 
stabilizes the liquid crystal phase. As a result, the temperature range shown by these 
materials, are much narrower than those previously discussed, composed of imidazolium 
or pyridinium cores bearing alkyl chains. The presence of an additional phenyl group in 
the core has two pronounced effects: firstly, the geometric increase of the rigid part of the 
molecule simply increases the transition temperatures, in particular the melting 
temperature. Secondly, the aromatic group increases the electron density of the core, 
favoring cation‒π and π‒π interactions; contributing both to stabilize order in the 
material. Lastly, when an aromatic ring is directly substituted to the cation, it increases 
the π-delocalization of the cation (in particular in the case of N-arylimidazoles that adopt 
a nearly flat conformation that again, stabilizes the packing of the mesogens). On the 
other hand, the increased of electron density positively impacts the bulk optical 
properties (birefringence) of the material, that is typically low for the (di)alkylimidazolium 
or pyridinium ILCs and very low for the corresponding ammonium salts. 
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Scheme 9. 
 
These may be further improved by functionalizing the aromatic ring with electron 
donating substituents. In addition, the combination of these electron-rich core extensions 
and the electron deficient cationic pyridinium or imidazolium ring induces a large dipole 
moment, which also contributes to stabilization of the (meso)phases. The combined 
effects are particularly strong in pyridinium-based ILCs, that show both high Tms and Tcs, 
and as a consequence, pyridinium-based structures have been considered less than 
their imidazolium counterparts for practical applications and were, therefore, much less 
studied in the past years. ILCs with extended imidazolium-based cores are the topic of 
the following paragraphs. The discussion is based on the three different cases of core 
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extension: 1) The case where the mesogen and the aromatic ring are separated by a 
small (aliphatic) spacer; 2) The case where they are directly attached; and 3) Where they 
are separated by a long aliphatic spacer that, effectively, decouples both moieties. 
Calamitic mesogens with a methylene spacer (Scheme 10, (53)) are obtained via a 
simple synthetic route.107 A readily accessible starting material like a benzyl halide 
functionalized in the para position with a long aliphatic alkoxy group, reacts smoothly with 
an imidazole precursor, yielding the ILCs in nearly quantitative yields. Series of benzyl-
substituted ILCs with different counter ions were prepared by a simple counter ion 
exchange step based on a metathesis reaction. These mesogens show SmA phases 
between low melting temperatures and high clearing temperatures. The authors point to 
a clear trend in phase stabilization by decreasing the size of the counter ion (Br─ > BF4─ 
> SCN─ > PF6─). Although, the same trend was already observed for ILCs previously 
discussed, it may be an oversimplification to only attribute this to anion size, as we will 
also demonstrate later in this thesis. Furthermore, in the same study the effect of 
manipulating the length on the aliphatic alkoxy group to compensate the conformational 
freedom on the benzyl group was also investigated. Experimental results showed indeed 
an increase of the melting and clearing temperatures of the mesomorphic materials by 
increasing the chain length. 
The straightforward benzyl-based synthetic strategy also allows access to mesogens 
that promote columnar phases, interesting for anisotropic conductivity. By starting from 
benzyl halides with multiple alkoxy tails (54), the formed wedge-shaped molecules self-
organize into columnar assemblies that in turn, form columnar hexagonal mesophases. 
An increase of the Cr-CoIh transition temperature was observed for an increased alkyl 
chain length.108 Taking a step further, the ends of the aliphatic tails may be functionalized 
by polymerizable acrylate moieties (55).109 The self-assembled liquid crystalline structure 
can now be stabilized by photopolymerization in the liquid crystalline phase. Subsequent 
heating and cooling of the sample prevents phase transitions to occur, providing thermal 
stability for the resulting anisotropic ion-conductive films. An alternative approach 
towards discotic mesogens is to design a central aromatic core to which multiple 
imidazole groups can react. In this way, discotic molecules based on a mesitylene core 
(56) have been synthesized.110 By this approach, the aliphatic tails providing liquid 
crystallinity were introduced at the 3-position of the imidazole group. Despite their disc-
shape, SmA phases in a wide thermal range and with low melting temperatures were 
reported for these materials. When the counter ion was exchanged to NTf2‒, the material 
tends to supercool and crystallization is suppressed.  
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Scheme 10. 
 
The easy synthetic procedures of the benzyl core, provides an excellent access to a 
wide range of materials, but its disadvantage is the highly bent conformation of the 
mesogen. A more natural solution is to remove the spacer and directly link the aromatic 
ring to the imidazolium (or pyridinium) cation. This logical approach was much less 
studied because of the more challenging synthesis of these molecules. Two different 
methods have been used for the synthesis of arylimidazole ILCs. The first is based on 
the direct imidazolium ring-closure reaction of anilines111 with glyoxal and a C1 reagent 
such as formic acid or a chloromethyl ester. Although this procedure has been used to 
generate asymmetric ILs112 (and ILCs), it is much more convenient to use it for the 
synthesis of symmetric mesogens. The second method is the direct coupling of an aryl 
halide with a preformed imidazole.113 
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The much poorer reactivity of arylhalide starting material compared to their benzylic 
and aliphatic homologues makes this route experimentally more difficult. Fortunately, 
progress in the field based on metal catalyzed cross-coupling reactions in the past 
decade improved the reactivity of imidazoles with phenyliodides and bromides,114-116 
albeit relatively harsh conditions are still required that avoid the introduction of sensitive 
functional groups. The ILCs prepared by this route are asymmetric, as this reaction can 
only take place on the secondary nitrogen of the imidazole. A subsequent conversion to 
the imidazolium group can be realized with aliphatic nucleophiles.30 
In general, the arylimidazolium (ArIm) or arylimidazoliumaryl (ArImAr) give rise to 
relatively more rigid and linear cationic cores and follow more closely the design 
principles of ‘traditional’ non-charged mesogens. The materials properties are 
qualitatively comparable to the ILCs discussed previously: SmA phases of a wide 
thermal range are observed, but typically with high melting and clearing temperatures 
that further increase with increasing chain length. The high stability of the crystalline and 
SmA phases is anticipated considering the increased intermolecular interactions 
discussed previously. In the presence of highly polarized anions, however, the clearing 
point (and thus the mesophase stability) can be remarkably decreased and this class of 
ILCs was observed to be more dependent on the nature of the counter ion than other 
ionic mesogens.30,110  
The ArImAr mesogens combine the extended aromatic core with a bend induced by 
the five-membered imidazolium ring. The first report on this class of ILCs used the two-
step in-situ imidazolium formation. In the first step two anilines reacted with glyoxal to 
form a glyoxal diimine, which in the second step was ring-closed in the presence of 
chloromethyl pivolate and AgOTf.117 The mesogens (Scheme 11, (57)) showed SmA 
phases with high transition temperatures and a small dependence of the clearing 
temperature with the tail length. 
In a quest for nematic phases in ILCs, we investigated an analogous synthetic route to 
generate these symmetric imidazolium salts, starting from commercially available 
anilines with short alkyl chains (C3 ‒ C8) instead of the long alkoxy substituents.90,96 For 
the smallest tails, only crystalline materials were found, independent of the counter ion. 
Longer alkyl tails (C5 ‒ C8) gave SmA phases, where the widest mesophase ranges 
(and the highest transition temperatures) were persistently found for the materials with 
chloride anions. A suggestion to release the strong interactions that lead to high 
transition temperatures is to reduce the aromatic stacking by introducing small 
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substituents on the imidazolium core. Substituents on the 2, 4 and 5 position will 
enhance the steric hindrance between the rings, forcing them to be placed out of the 
plane and hence, reducing stacking (Figure 3). 
 
 
Scheme 11. 
 
Another well-known tool in the LC field to reduce packing efficiency of bi- or ter-phenyl 
mesogens is the introduction of lateral fluoro-substituents. The effects of this approach is 
beautifully demonstrated by the terphenyl series shown in Scheme 12.118 The slightly 
larger size of fluorine compared to hydrogen atoms enhance intramolecular steric 
hindrance and increase inter-annular twist between aromatic rings in the core. This 
twisting lowers intermolecular π‒π interactions and consequently, the melting points of 
the material. Due to low polarizability of fluorine, the substituents are preferably placed 
as lateral substituents. Larger polar groups, such as cyano-groups, are preferred as 
terminal substituents. 
 
 
Figure 3. ArImAr mesogens take a nearly flat conformation, perfect for (undesired) lateral 
mesogens-mesogen interactions. Introduction of small substituents on the 2 (middle) or 4 
and 5-position (right) forces the aryl rings to twist and reduces the interactions. 
Experimentally, it was found that this particular ring-closing procedure, however, does not 
allow for small methyl substituents on the imidazolium core.  
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Scheme 12. Influence of fluorine substituente on the phase behaviour of terphenyl 
mesogens. Whereas the core terphenyl shows a smectic phase, the layer formation can be 
suppressed using fluoro-substituents. The most effective position is either in the central ring 
(63), or on the ortho positions of the outer rings (64).  
 
So far, experimental studies that transfer this knowledge to ionic liquid crystals are 
limted. One example (Scheme 13, (65)) is a mesogen with two phenylimidazolium 
moieties bridged by a phenyl core through methylene spacers.119 The study aimed to 
investigate the role of fluorination on the central phenyl group as well as on the ArIm 
part. The effect of the latter, most interesting for the field of ILCs to reduce transition 
temperatures is ambiguous from this study.  
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Scheme 13. 
 
The second route to ArIm ILCs uses an amination of aryl halides with imidazoles and 
yields asymmetrically substituted imidazolium salts.30,113 The synthesis allows for 
substituents on the imidazole 2-position, although the rate of the cross-coupling reaction 
quickly decreases with the bulkiness of the substituent. In this way a wide range of 
arylimidazole precursors (all with one alkoxy tail) were prepared and subsequently 
alkylated with different size and nature tails. Ion exchange disclosed the role of the 
counter ion in this series (Scheme 14, (66)‒(70)).   
This study clearly demonstrates that the increased size of the core has a positive 
impact on the stabilization of the (SmA) mesophase over a wide temperature range. It 
therefore allowed for a complete study on how structural parameters influence the 
mesophase behaviour. The large collection of ionic liquid crystals synthesized was 
compiled to investigate four key parameters: (i) the size and nature of aliphatic tails 
(including branching chains and ethyleneglycol tails); (ii) the size of the mesogenic core; 
(iii) lateral substitution on the mesogenic core; and (iv) the nature of the counter ion. The 
authors summarized that mesogens with larger cores display higher transitions 
temperatures, but the introduction of small lateral substituents on the imidazolium moiety 
can reduce the melting points. Too bulky lateral substituents, however suppress the 
mesomorphic behaviour. Lateral substitution is further investigated in this thesis in 
chapter 3. Mesogens substituted with two long aliphatic tails showed common SmA 
phases and branching of the tails (either in a chiral or racemic form) has minimum effect 
on the mesophase behaviour. Short tails use to promote SmA2 phases (interdigitated 
bilayers). Mesogens synthesized with ethyleneglycol tails reduce the mesophase 
stability, due to the interaction of the lateral tail with the imidazolium cation. Doping the 
system with LiBF4 again stabilizes the mesomorphic phase and, additionally, is expected 
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to improve anisotropic conductivity due to the presence of Li+ cations in the system. In 
this study, also the thermal behaviour of different mixtures was explored. In some cases 
this ionic mixtures show remarkable advantages compared to the pure compounds, for 
instance by suppressing crystallization and therefore reducing the viscosity of the 
system, both important to fulfil requirements for potential applications. In other mixture, 
however, the incompatibility of the SmA and SmA2 phases was observed.  
 
 
Scheme 14. 
 
Parallel to the development of these rigid core imidazolium-based mesogens, also 
other approaches to combine ILCs with a more classical liquid crystal were followed. 
Central in this molecular design, again, is the connection of the imidazolium core to a 
mesogenic moiety, but now by a flexible linker. From a synthetic point of view, the 
introduction of a long flexible linker can be carried out by well-known routes; like simple 
esterifications or Williamson etherification reactions. Following this molecular strategy 
compounds (71) and (72) (Scheme 15) were synthesized. Compounds  (71) with the 
nematogenic cholesteryl groups attached display a SmA* phases, but mesogens (72), 
bearing cyanobiphenyl groups, displayed highly unexpectedly a (monotropic) nematic 
phase in the cooling ramp from isotropic liquid.27  
There is a limited amount of studies that relates the influence of the length of the 
flexible alkyl linker to the thermal behaviour of the material. One example is based on 
imidazolium attached to a 2-phenylpyrimidine mesogen through different length spacers 
(73).100 With para-substitution and a C4 spacer, a SmA phase was found. Elongation of 
the spacer to C8 resulted in a small decrease of the melting temperature, but a 
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significant decrease of the clearing temperature. SmC phases were recorded for two of 
the variants with C8 spacer and longer side chains (n=10, 12). The main motivation of 
this study was to develop room temperature ionic liquid crystals. One of the molecular 
design tools to accomplish this is based on a reduction of the symmetry that results in a 
decreased melting temperature. The authors selected a suitable approach for this 
purpose and used a bent geometry of the target calamitic 2-phenylpyrimidine via a meta-
substitution, rather than the typical para-substitution. The results showed that, indeed, 
this approach is successful and that meta-substitution at the phenyl ring resulted in RT 
mesophases with sufficient thermal stability. Carboxylate for meta-substitution at the 2-
phenylpyrimidine unit (74) leads to a significant decrease of the melting points, 
particularly for those containing a triflate counter ion.  
 
 
Scheme 15. 
 
Since the conformational freedom provided by these flexible chains showed 
unexpected results, a similar approach was targeted to link an azobenzene-based 
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mesogen to the imidazolium core through a long alkyl chain (Scheme 16, (75) and 
(76)).120,121 An additional attribute of materials containing azobenzene chromophores is 
that upon irradiation, the azobenzene double bond (reversibly) changes from a trans to a 
cis configuration. The reported mesomorphic behaviour of these molecules shows 
melting points over 100 °C and narrow thermal ranges for the SmA mesophase. Their 
dicationic homologues, however, showed relatively rare SmC phases.  
 
 
Scheme 16. 
 
2.2.3 Counter ions  
For a long time, the common approach in the field of ILCs was to study the anion 
independently from the mesogenic cation, although it was already discussed that a 
combined approach is more appropriate. The use of the well-stablished mesogen 
(cation!) tool box discussed in paragraph 2.2 (i.e. manipulation of the core size, the 
number of tails, their nature and length, the presence of substituents, etc.) is not always 
sufficient to engineer desired properties in these mesomorphic materials.44 Research in 
the field, also occasionally highlighted in the previous paragraph, shows the tremendous 
effect that the anion has on the physical properties of the material (viscosity, 
mesophases, transition temperatures, etc.).30 The counter ion should, therefore, be 
considered as an additional tool to efficiently modify the phase behavior.45,122,123  
The development of ILCs, followed that of the field of ionic liquids and primarily 
focused on counter ions with a strong hydrophobic nature (e.g. BF4─, PF6─, NTf2─, ClO4─, 
OTf─) besides the halides Cl─, Br─ and occasionally I─. Often general trends are found, 
such as the high transition temperatures for chloride salts and the very low ones for salts 
with the bis(triflamide) anions. The main limitation to uncover the role of the anion is that 
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in these conventional series, the anions often vary in size, steric effects and charge 
distribution, resulting in a complex combined effect. Systematic work to dissect the 
possible steric and electronic contributions in different series of ILCs, are so far lacking.  
Therefore, one of the main priorities for maturing the field of ILCs is to expand the 
catalogue of possible anions and to define structure-property relations that define the 
contributions of these anions. To do the latter, one needs to define appropriate series of 
anions. Our first results are discussed in chapter 5 of this thesis.  
Additionally, the method chosen to introduce different anions needs to be 
reconsidered. Standard ion exchange procedures in the field are based on simple 
methatesis reactions. These procedures are highly suitable in the case of ionic liquid 
crystals bearing hydrophobic counter ions, which are stable enough to withstand final 
purification steps. For hydrophilic anions like carboxylates, however, metathesis 
introduces purity challenges that are not readily solved by conventional synthetic 
procedures of ILCs.124-126 Therefore, novel synthetic strategies that include mild 
purification steps (precipitation, re-crystallization, etc.) need to be explored. 
 
2.3 Summary and outlook 
 
The goal of this introduction was not to give a full listing of all prepared ionic liquid 
crystals, but rather to discuss the relationship between the molecular design and the 
mesomorphic properties of thermotropic ionic liquid crystals. In literature there is a wide 
range of organic cores that have been used as cationic moieties of an ILC, however we 
focused in this review on cationic cores that are either used a lot or that clearly 
demonstrate a design principle. On the cation side of the mesogens, much progress has 
been made and the community has defined a well-filled toolbox with different methods to 
manipulate the mesophase behaviour. They include the size and nature (charge 
distribution) of the cation, its substitution pattern and the number and nature of the 
attached flexible tails. The counter ion has been underexposed and needs more attention 
in the years to come. 
Ionic liquid crystals have been presented as mesomorphic materials with a rich 
polymorphism. In the majority of cases, this means a SmA phase, which can be bilayer 
or single layers either interdigitated or not. In literature, we can occasionally find 
examples where different mesophases are reported: N, SmC, SmT, Colh phases, etc. 
The field of ILCs would benefit from a broader knowledge on how to design these less 
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common phases. Most particularly, the simple nematic phase is maybe the easiest 
applicable but very rarely observed mesophase in the ionic liquid crystal field and has 
just been registered for one type of ammonium-based mesogen. The search for more 
examples is likely to continue, in particular with functional and/or biocompatible counter 
ions.  
A second design challenge in the field of ILCs is the formation of truly room 
temperature liquid crystals. This does not mean materials with high clearing 
temperatures that show no crystallisation due to super-cooling. These materials that are 
commonly deep in the SmA phase display a highly solid-like character with associated 
high viscosities. ILCs with clearing points close to room temperature, or for biological 
applications close to 37 °C, have a much stronger fluid character in the application 
regime. They unfortunately are much less prevalent in particular materials with other 
strongly anisotropic properties such as birefringence that require extended aromatic 
cores.   
Finally, the field of ILCs would strongly benefit from defining a number of target 
applications. For conventional non-charged LCs, the discovery of display applications 
has accelerated the research on these materials, both from the application and from the 
fundamental side. Although suggestions for ILC applications are omnipresent, they have 
yet to prove themselves as truly functional materials. Examples of applications of ILCs 
are anisotropic ion conductivity to be used in molecular electronics (solar cells, 
optoelectronic devices, etc),21,23,127,128 in directed synthesis approaches, for instance in 
controlled nanoparticle synthesis129,130 or deposition,131 in ionic self-assembly132 (ISA) 
that builds complex structures from simple charged organic species and possibly in bio-
catalysis133 or sensing applications.9 The near future will demonstrate which roles ILCs 
can play.  
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3.1 Introduction 
 
Since the middle 1980’s the expanding class of ionic liquid crystals (ILCs) has been 
described from many different perspectives: a merge between ionic liquids (ILs) and 
liquid crystals (LCs), ionic salts displaying a LC phase, or ion conductive anisotropic 
materials.1 The versatility in the definition of these materials is reflected in the wide range 
of applications, ranging from typical IL applications that benefit from anisotropy,2 to 
characteristic LC applications that require charged species.3 For instance, the bio-
compatibilization of classical LCs with their characteristic electro-optical switching 
properties opens up a new avenue of applications in biomedical areas.3a 
 
Recent experiments in enzyme catalysis using ILs as solvent showed that materials 
built from N-alkylpyridinium and N-alkylimidazolium can successfully host or even 
accelerate reactions.4 Analogously, in the design of novel (potentially biocompatible) 
ILCs, the 1, 3-substituted imidazolium salts have been introduced as a promising core in 
many studies. Different strategies, targeted to understand self-organization and binding 
interactions.5-7 that induce and stabilize ILCs mesophases, have been reported. The 
common approach is the modification of the side chains5 (changing the number, length 
and branching pattern), and the introduction of, for instance, vinyl, hydroxyl, amide 
groups.6 Although the thermal properties are promising, the low birefringence of these 
materials disqualifies them for most optical applications. The approach towards high 
birefringent ILCs has already been published: the synthesis of a core where an 
imidazolium group was coupled to an electron-rich biphenyl group.7 
However, strong ionic and π−π interactions associated with an ionic rigid core, yield 
materials of high clearing temperatures and corresponding high viscosities, in particular 
at room temperature. 
 
Previous studies using this design principle have addressed various structure-property 
relations with a focus on transition temperatures, but have failed to make the final step 
towards application requirements. In this study, we have combined several “classical” 
strategies to give truly room temperature applicable materials while maintaining a high 
birefringence. The strategies originate from the field of liquid crystals and ionic liquids. 
 
Three molecular parameters were studied, all inspired by results from either classical 
LCs or ILs. The first is the introduction of a cis-fatty acid tail as a flexible chain to the 
core. The bent-shaped tail hinders their close packing, already reducing transition 
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temperatures as observed in liquid crystalline and non-liquid crystalline materials.8 In 
order to study the thermal behavior induced by the lateral kink, reference compounds 2f 
and 3f (containing an octadecyl tail), were synthesized and respectively, compared with 
oleyl analogues 2b and 3b. A second, commonly applied strategy to reduce clearing 
temperatures in LCs is the introduction of (small) lateral substituents to the core. By 
placing the substituents on the 2-position of the imidazolium group, we anticipated to 
influence the size and conformation of the cores as well as their inter and intramolecular 
interactions. The experience from ILs was used to demonstrate the potential of the third 
parameter selected, the anion, to optimize materials properties, including the reduction of 
the transition temperatures. The studied materials are summarized in Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. General structure of the investigated ILCs, changing the lateral substituent R, the 
side chain R’ and counter ion X-. 
 
 
3.2 Results and discussion 
 
Compounds 1-3 were synthesized in ten steps starting from the substituted biphenyl7 
4 (see Scheme 1); the details are described in the Experimental section 3.4. 
 
The Ullman coupling (step i), the key-step in the protocol was carried out using 
different ligands for the copper catalyst depending on the lateral substituent R.  
The oleyl¶ and octadecyl tails were functionalized with chloroacetic acid and, after 
conversion to the corresponding iodide, used to alkylate the imidazole group, yielding 1. 
Ion exchange of 1 with NaBF4 or AgNTf2 gave the target compounds 2 and 3. 
N
N+
O
R
X
O
R' =  
R  =         H, CH3, C2H5, C3H7, CH(CH3)2
X  =
R'
I , BF4, NTf2
C12H25O
Chapter 3: Towards room temperature ionic liquid crystals 
 
68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1. Synthesis of ILCs 1-3. Key: (i) (R= H, CH3, C2H5) K2CO3, CuI, N,N-
dimethylglycine, DMSO, 48-72hrs at 110ºC; (ii)  (R= n-C3H7, i-C3H7) Cs2CO3, Cu2O, 4,7-
dimethoxy-1,10-phenanthroline, NMP, 5 days reflux; (iii or v) NaI, acetone, rt; (iv or vi) 
PTSA, toluene, 24 hrs, reflux (vii or viii) Toluene, 80ºC, 24 hrs; (ix) NaBF4 (aq) multiple 
washes; (x) AgNTf2, methanol.  
 
The mesophase behavior of 2 and 3 were investigated using optical polarized 
microscopy (OPM) and differential scanning calorimetry (DSC).‡ OPM analysis showed 
the formation of smectic A (SmA) phases (Figure 2) for all the samples between 
crystalline (Cr) and isotropic (Iso) phases. Example of the texture and two DSC traces 
are shown in Figure 2.  
 
The phase behavior of 2, ILCs with the BF4− anion, is summarized in Figure 3. In 
general, the clearing temperatures are lower than expected for molecules containing 
such rigid core.7 This result is attributed to our first design approach: the kink in the 
terminal chain induced by the cis fatty acid tail.  
 
C12H25O Br C12H25O N
N
R
C12H25O N
N+
O
R'
R X
O5 + (7 or 9)
HN
N
R
i or ii
R = 
X   = I
X   = BF4
X   = NTf2
H  
1a
2a
3a
CH3
1b
2b
3b
n-C2H5
1c
2c
3c
n-C3H7
1d
2d
3d
i-C3H7
1e
2e
3e
−
−
−
−
−
−
4 5a-e
iii or v iv or vi
6 R'= Oleyl
8 R'= C18H37
7 R'= Oleyl
9 R'= C18H37
vii
X   = BF4
X   = I
X   = NTf2
ix 
x
−
−
−
−
−
−
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  b R= CH3
  c R= C2H5
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O
Cl HOR
' OR'
O
Cl OR'
O
I
viii
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Figure 2. Polarized optical microscopy image of (a) 2a at T = 176 °C (SmA); and (b) DSC 
traces of monotropic ILC 3d and room temperature ILC 3e. The arrows indicate SmA-I 
transitions. Note that most materials we characterized display an enantiotropic SmA phase, 
that appears in DSC in both the heating and the cooling run. Compound 3e is monotropic, 
only exhibiting the SmA phase on cooling as a result of supercooling the Cr phase.  
 
Comparing compounds 2b and 2f a reduction of around 50 degrees in the clearing 
temperature can be related to the kink in the side chain. The effect of the lateral 
substituent R on the mesomorphic behavior is evident: a decrease of the clearing 
temperatures was observed by increasing the length of R. In conventional mesogens 
based on phenyl esters, this trend has been experimentally observed and explained in 
terms of steric factors where the lateral substituent effectively changes the length-to-
breath ratio of the mesogens and as a result, changes the stability of the mesophase.9 
The same tendency is observed for 2. In molecules with such strongly interacting 
moieties however, taking only steric factors into account may lead to a significant 
oversimplification. In the planar conformation, with the imidazolium and the adjacent 
phenyl group in the same plane, attractive π−π interactions will play a prominent role. 
We anticipated that the bulky R will also prevent the formation of the planar conformation 
and in this way contribute as well to the decrease of the transitions temperatures. 
 
The most straightforward approach to quantify these intermolecular interactions is to 
calculate the rotational energy barriers10 between the imidazolium and phenyl group of 
our mesogens, see Figure 4.  
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Figure 3. Mesomorphic properties of series 2: ILCs with BF4− as counter ion, different lateral 
substituents R = H, CH3, C2H5, n-C3H7 and i- C3H7 and a reference compound 2f containing 
R’= C18H37 as side chain. The crystal phase of 2b-2d is supercooled as a result of the slow 
crystallization process. These materials, instead, show a glass transition at room 
temperature. Such behavior was observed before.7 
 
Simple modelling studies clearly show an increase in the rotational energy barrier 
when the size of the lateral substituent R is increased. For R = H, the energetic penalty 
of the flat conformation is relatively small, which is allows for intermolecular ion-dipole 
and π−π interactions. Unexpectedly, a significant barrier was already found for the 
sterically undemanding methyl group. The bulky isopropyl group gives the largest barrier. 
The reduction in conformations combined with the classical steric 
 
 
 
Figure 4. Calculated energy barriers (HF 13G*) of the C1-N1 bond rotation for different 
lateral substituents R incorporated in imidazolium molecule displayed right. 
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Effects described by Weissflog9 explains the large impact of the lateral substituents on 
the clearing temperature. Evaluation of 2d and 2e allows us to compare the two effects 
directly: in 2d we expect a stronger contribution from the classical steric effects and vice 
versa. Experimentally, a much lower clearing temperature is observed for 2d, indicating 
that the length of the n-propyl group is the dominating effect.  
 
In order to reproduce the trend observed in Figure 3 and to drive our ILCs towards 
lower clearing temperatures, the counter ion was exchanged. We selected the triflimide 
(NTf2−) anion because of its excellent behavior in well-known and already 
commercialized ILs,11 and in ILCs,12 (low viscosity, low melting temperatures). The 
results of series 3 are summarized in Figure 5. 
 
 
Figure 5. Mesomorphic properties of series 3: ILCs with NTf2− as counter ion with different 
lateral substituents R = H, CH3, C2H5, n-C3H7 and i-C3H7. and a reference compound 3f 
containing R’= C18H37, as side chain. Mesogen 3d exhibits a monotropic SmA phase, which 
only shows up at in the cooling run. 
 
Upon ion exchange from BF4−to NTf2−, a decrease of roughly one hundred degrees in 
the clearing temperature of the material was observed, yielding truly room temperature 
processible materials. In line with the results of ILs,13 we noticed during microscopy 
experiment the high fluidity of these materials in comparison with 2. Figure 5 clearly 
highlights the role of the Coulombic interactions as a key method to drastically 
manipulate the transitions temperatures of ILCs. The same trend related to the nature of 
the substituent R for compounds 3d and 3e was reproduced. It supports our previous 
conclusion that the length of the lateral substituents is the dominating effect. Until now, 
the high effectiveness of the NTf2− remains a matter of speculation. Two effects can 
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easily be regarded: The high electronegativity of the fluorine atoms redistributes the 
negative charge over the entire anion; and the anion is much larger than many of the 
other (spherical) anions. Currently, we are investigating the role of the counter ion in 
more detail, separating the effects of its size, shape and charge distribution. 
 
3.3 Conclusions 
 
The availability of room temperature anisotropic ionic materials with potential optical 
applications is restricted by the rigidity of the core combined with its strong electrostatic 
interactions. We have presented a number of design principles to reduce clearing 
temperatures, aimed at hindering molecular packing in the system: (a) introducing a kink 
in the terminal chain; (b) attaching lateral substituents; and (c) making use of different 
counter ions. Experimentally, the sum of these three strategies led to a reduction of 
nearly two hundred degrees in the clearing temperatures, yielding highly birefringent 
room temperature ILCs. We are now studying the application of these novel materials as 
anisotropic biocompatible solvents.  
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3.5 Experimental section 
 
3.5.1 Instrumental 
 
1H and 13C NMR spectra were recorded on a Varian VXR-400 (400 MHz) and a 
Bruker AC-300 (300 MHz) spectrometer. Spectra were recorded in CDCl3. Chemical 
shifts are reported in ppm referenced against TMS, which was added as an internal 
reference. Optical microscopy was carried out on an Olympus BX60 microscope 
equipped with a Mettler FP82HT hot stage and digital camera using standard glass 
microscope slides. DSC experiments were performed on a TA Instruments DSC Q100.  
HRMS (EI) measurements of ILC belonging to serie 1 were performed on a JEOL 
Accu TOF-CS instrument using acetonitrile as solvent.  
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3.5.2 Synthesis and characterization 
 
3.5.2.1 Synthesis of ILC precursors general procedure (scheme S1, step i, ii) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme S1: Synthesis of starting materials and ILC precursors. Key: (i) K2CO3, CuI, N,N-
dimethylglycine, DMSO, 48-72 hrs at 110ºC; (ii) Cs2CO3, Cu2O, 4,7-dimethoxy-1,10-
phenanthroline, NMP, 110οC, 5 days reflux;  (iii, v) PTSA, Toluene, 24 hrs, reflux; (iv, vi) 
NaI, acetone, rt, 8hrs; (vii) Ag2O, toluene, reflux over night. 
 
ILC precursors 5a-5c 
 
General procedure: 4-Bromo-4'-(dodecyloxy)-1,1'-biphenyl7 (4) (1.82 mmol), 
imidazole , 2-methyl imidazole or 2-ethyl imidazole (3.38 mmol), CuI (0.19 mmol), 
dimethyl glycine (0.38 mmol), and K2CO3 (7.09 mmol), were stirred in 6 ml DMSO for 4 
days at 110 0C. The crude product was precipitated in 500 ml of 1M NH3 solution, 
extracted with CH2Cl2 and purified via column chromatography (SiO2) using 
CH2Cl2/heptane 1:1 as the eluent to remove the starting material. To afford the final 
product, the polarity of the CH2Cl2 was increased from 0 !10% MeOH. Yield (5a): 62%, 
(5b): 64%, (5c): 60% yellow solid. 
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5a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.89 (s, 1H, H21), 7.64 (m, 2H, H8), 7.52 (m, 2H, H6), 
7.43 (m, 2H, H7), 7.31 (s, 1H, H9 or H10), 7.23 (s, 1H, H9 or H10), 6.99 (m, 2H H5), 4.01 (t, 
2H, J=6.6Hz, H4), 1.77 (m, 2H, H3), 1.40 (m, 18H, H2), 0.90 (m, 3H, H1). 13C-NMR, 300 
MHz, CDCl3, δ ppm: 159.19 (e), 142.93 (l), 136.04 (z), 132.05 (i), 130.34 (h), 127.82 (g 
or j), 127.79 (g or j), 126.04 (k), 123.11 (m or n), 121.55 (m or n), 114.65 (f), 67.72 (d), 
31.44 - 24.52 (b) , 13.65 (a). 
 
5b 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.64 (m, 2H, H8), 7.54 (m, 2H, H6), 7.33 (m, 2H, H7), 
7.05 (d, 1H, J=1.4Hz, H9 or H10), 7.04 (d, 1H, J=1.4Hz, H9 or H10), 7.00 (m, 2H, H5), 4.02 
(t, 2H, J=6.6Hz, H4), 2.40 (s, 3H, H22), 1.82 (m, 2H, H3), 1.36 (m, 18H, H2), 0.92 (m, 3H, 
H1). 13C-NMR, 300 MHz, CDCl3, δ ppm: 159.22 (e), 146.06 (z), 143.48 (l), 132.13 (i), 
130.53 (h), 127.82 (g or j), 127.79 (g or j), 126.04 (k), 123.11 (m or n), 121.55 (m or n), 
114.65 (f), 67.72 (d), 31.43-24.52 (b), 13.65 (a), 12.45 (aa). 
 
5c 
7.75 (m, 3H, H8 + H9 or H10), 7.69 (m, 2H, H7), 7.54 (m, 2H, H6), 7.30 (t, 1H, J=2.1Hz, H9 
or H10), 7.01 (m, 2H, H5), 4.01 (t, 2H, J3=6.6Hz, H4), 3.15 (q, 2H, J=7.7Hz, H23), 1.71 (q, 
2H, J=6.8Hz, H3), 1.39 (m, 18H, H2), 1.13 (t, 3H, J=7.7Hz, H24), 0.89 (t, 3H, J=6.9Hz, H1). 
13C-NMR, 300 MHz, CDCl3, δ ppm: 159.27 (e), 149.78 (z), 143.64 (l), 132.13 (i), 130.44 
(h), 127.82 (g + j), 126.07 (k), 123.15 (m or n), 121.97 (m or n), 114.67 (f), 67.74 (d), 
31.44 -24.51 (b), 19.14 (ab), 13.65 (a), 11.01 (ac). 
 
ILC precursors 5d-5e 
 
General procedure: 4-bromo-4'-(dodecyloxy)-1,1'-biphenyl7 (4) ( 8.61 mmol), propyl 
imidazole or 2-isopropyl imidazole (16.8 mmol), Cu2O (0.57 mmol), 4,7-dimethoxy-1,10-
phenanthroline14 (0.9 mmol), and Cs2CO3 (12.5 mmol), stirred in 10 ml of N-
methylpyrrolidone (NMP), 110οC, for 5 days. The crude product was precipitated in 500 
ml of 1M NH3 solution, extracted with CH2Cl2 and purified via column chromatography 
(SiO2) by following the same procedure for precursors 5a-5c. Yield (5d) 68% (5e) (37%) 
of a tan solid.  
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5d 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.64 (m, 2H, H8), 7.55 (m, 2H, H6), 7.32 (m, 2H, H7), 
7.08 (d, 1H, J=1.2Hz, H9 or H10), 7.00 (m, 3H, H5 + H9 or H10), 4.01 (t, 2H, J=6.6Hz, H4), 
2.65 (m, 2H, H25), 1.77 (m, 4H, H3 + H26), 1.40 (m, 18H, H2), 0.90 (m, 6H, H1 + H27). 13C-
NMR, 300 MHz, CDCl3, δ ppm: 159.27 (e), 148.81 (z), 143.59 (l), 132.22 (i), 130.42 (h), 
127.82 (g or j), 127.78 (g or j), 126.16 (k), 123.15 (m or n), 122.01 (m or n), 114.67 (f), 
67.74 (d), 31.44-24.51 (b + ae), 20.28 (ad), 13.64 (a), 13.36 (af). 
 
5e 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.63 (m, 2H, H8), 7.53 (m, 2H, H6), 7.30 (m, 2H, H7), 
7.07 (d, 1H, J=1.2Hz, H9 or H10), 6.99 (m, 2H, H5), 6.94 (d, 1H, J=1.3Hz, H9 or H10), 4.00 
(t, 2H, J=6.7Hz, H4), 3.02 (m, 1H, H28), 1.80 (m, 2H, H3), 1.37 (m, 24H, H2 + H29), 0.88 (t, 
3H, J=6.9Hz, H1). 13C-NMR, 300 MHz, CDCl3, δ ppm: 159.35 (e), 150.82 (z), 143.95 (l), 
132.37 (i), 130.29 (h), 127.83 (g or j), 127.55 (g or j), 126.86 (k), 124.03 (m or n), 122.79 
(m or n), 114.70 (f), 67.75 (d), 31.43-24.51 (b), 19.81 (ag), 13.64 (ah+a).  
 
Oleyl chloroacetic acid (6) - (scheme S1, step iii) 
 
Oleyl alcohol (technical grade: apprx. 85% cis and 15% trans) (32 mmol) and 2-
chloroacetic acid (40 mmol) were dissolved in 100 ml toluene. A catalytic amount of 
para-toluene sulfonic acid was added, the mixture was refluxed overnight while water 
was removed using a Dean-Stark trap. The solvent was removed via rotary evaporation 
and 100 ml hexane was added to the resulting mixture. The solution was washed (x3) 
with a saturated NaHCO3 solution, dried over magnesium sulfate and the solvent was 
removed via rotary evaporation. Yield: 90%.1H-NMR, 400 MHz, CDCl3, δ ppm: 5.34 (m, 
2H, H6 + H7), 4.35 (s, 2H, H1), 4.13 (t, 2H, J=6.7Hz, H2), 1.99 (m, 4H, H5 + H8), 1.65 (m, 
2H, H3), 1.32 (m, 22H, H4 + H9), 0.88 (t, 3H, J=6.3Hz, H10). 13C-NMR, 300 MHz, CDCl3, δ 
ppm: 168.38 (b), 129.51 (g or h), 129.29 (g or h), 65.77 (c), 59.16 (a), 32.13-22.21 (e + j), 
13.64 (k). 
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Oleyl iodoacetic acid (7) - (scheme S1, step iv) 
 
A mixture of NaI (100 mmol) and compound 6 (60 mmol) was stirred in acetone (50 
ml) overnight at room temperature and protected from the light. The solution was filtered 
and the solvent was removed via rotary evaporation. The resulting oil was dissolved in 
heptane, washed (x2) with aqueous Na2S2O5 and (x2) with water, and dried over 
magnesium sulfate. The product was purified via column chromatography (SiO2) using 
CH2Cl2/heptane 1:1 as the eluent. The solvent was removed via rotary evaporation 
yielding a clear oil. Yield: 99%. 1H-NMR, 400 MHz, CDCl3, δ ppm: 5.34 (m, 2H, H6 + H7), 
4.13 (t, 2H, J=6.7Hz, H2), 3.68 (s, 2H, H1), 1.99 (m, 4H, H5 + H8), 1.65 (m, 2H, H3), 1.32 
(m, 22H, H4 + H9), 0.88 (t, 3H, J=6.3Hz, H10). 13C-NMR, 300 MHz, CDCl3, δ ppm: 168.38 
(b), 129.51 (g or h), 129.29 (g or h), 65.77 (c), 32.13-22.21 (e + j), 15.23 (a), 13.64 (k). 
 
 
 
 
Octadecyl chloroacetic acid (8) - (scheme S1, step v) 
 
Octadecanol (32 mmol) and 2-chloroacetic acid (40 mmol) were dissolved in 100 ml of 
toluene. The reaction was set it up and the crude product purified following the same 
procedure given (step iii). Yield: 92%.1H-NMR, 400 MHz, CDCl3, δ ppm: 4.35 (s, 2H, 
H1), 4.17 (t, 2H, J=6.7Hz, H2), 1.63 (m, 2H, H3), 1.38 (m, 30H, H4+H5), 0.88 (t, 3H, 
J=6.3Hz, H6). 13C-NMR, 300 MHz, CDCl3, δ ppm: 168.38 (b), 65.77 (c), 59.21 (a), 32.13-
22.21 (e + f), 13.64 (g). 
 
 
 
 
Octadecyl iodoacetic acid (9) - (Scheme S1, step vi) 
 
A mixture of NaI (100 mmol) and compound 8 (60 mmol) was stirred in acetone (50 ml 
) The reaction was set it up and the crude product purified following the same procedure 
given (step iv). Yield: 95%. 1H-NMR, 400 MHz, CDCl3, δ ppm: 4.17 (t, 2H, J=6.7Hz, H2), 
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3.66 (s, 2H, H1), 1.63 (m, 2H, H3), 1.38 (m, 30H, H4+H5), 0.88 (t, 3H, J=6.3Hz, H6). 13C-
NMR, 300 MHz, CDCl3, δ ppm: 168.38 (b), 65.77 (c), 32.13-22.21 (e + f), 15.23 (a), 
13.64 (g). 
 
 
 
 
Synthesis of AgNTf2 (10) - (Scheme S1, step vii)  
 
HNTf2 (12.6 mmol) and Ag2O (6.3 mmol) were dissolved in 50 ml toluene. The mixture 
was refluxed overnight and water was removed using a Dean-Stark trap. The solution 
was concentrated, filtrated and the solvent was removed via rotary evaporation. The 
resulting brown powder was dissolved in ether and precipitated in CHCl3. The precipitate 
was collected via filtration, washed with CHCl3, and dried in vacuum to obtain the product 
as a white powder. Yield: 59%. 
 
3.5.2.2 Synthesis of ILC: serie 1 and serie 2 
 
Alkylation reaction with oleyl iodide: ILC (1a-1e) -General procedure 
(Scheme S2, step viii) 
 
About 200 mg (~0.5 mmol) of the ILC precursor (5a-5e) and an excess (1.5 eq.) of the 
iodoacetic ester (compound 7) were stirred in a Schlenk tube under argon atmosphere. 
Toluene (3 mL) was added and the mixture was stirred for 12 hours at 80 °C 
(compounds 1a, 1b) or 100 °C (compounds 1c-1e). The mixture was precipitated in 
heptane and separated by centrifugation and decantation. The solids were dissolved in 
CH2Cl2 and washed with aqueous Na2S2O5  (x2), water (x2) and concentrated NaI (x1), 
dried (MgSO4) and the solvent was evaporated. The crude product was precipitated in 
pentane from CH2Cl2 (x3) and  purified via column chromatography (SiO2) using CH2Cl2 
as the eluent to remove the starting material. To afford the final product the polarity of the 
mobile phase was gradually increased from 0 ! 10% methanol. 
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Scheme S2: Synthesis of ILC and ion exchange. (viii) toluene, 100 °C, 10hrs; (ix) NaBF4 
(aq) multiple washes; (x) AgNTf2, methanol. 
 
 
 
 
 
ILC 1a 
Yield: 80% 1H-NMR, 400 MHz, CDCl3, δ ppm: 10.72 (m, 1H, H21), 7.80 (m, 2H, H8), 7.76 
(m, 2H, H7), 7.54 (m, 1H, H9 or H10), 7.53 (m, 2H, H6), 7.48 (m, 1H, H9 or H10), 7.00 (m, 
2H, H5), 5.64 (s, 2H, H11), 5.36 (m, 2H, H16+H17), 4.26 (t, 2H, J3=6.8Hz, H12), 4.01 (t, 2H, 
J3=6.6Hz, H4), 2.00 (m, 4H, H15+H18), 1.82 (t, 2H, J3=6.8Hz, H13), 1.71 (t, 2H, J3=7.3Hz, 
H3), 1.40 (m, 40H, H2+H14+H19), 0.88 (m, 6H, H1+H20). 13C-NMR, 300 MHz, CDCl3, δ 
ppm: 165.39 (p), 159.19 (e), 142.93 (l), 136.04 (z), 132.05 (i), 130.34 (h), 129.50 (u or v), 
129.28 (u or v), 128.01 (g or j), 127.71 (g or j), 123.97 (m or n), 121.96 (k), 119.69 (m or 
n), 114.63 (f), 67.72 (d), 66.87 (q), 50.63 (o), 31.44 - 22.22 (b + s + x) , 13.65 (a + y). 
HRMS (EI) m/z calcd. C47H73N2O3+ (cation): 713.56212, found 713.56051. 
 
 
ILC 1b 
Yield: 77% 1H-NMR, 400 MHz, CDCl3, δ ppm: 7.92 (m, 1H, H9 or H10), 7.72 (m, 2H, H8), 
7.64 (m, 2H, H7), 7.51 (m, 2H, H6), 7.35 (m, 1H, H9 or H10), 6.99 (m, 2H, H5), 5.47 (s, 2H, 
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H11), 5.33 (m, 2H, H16+H17), 4.23 (t, 2H, J=6.9Hz, H12), 4.00 (t, 2H, J=6.6Hz, H4), 2.75 (s, 
3H, H22), 1.98 (m, 4H, H15+H18), 1.80 (p, 2H, J=6.5, H13), 1.68 (m, 2H, H3), 1.38 (m, 40H, 
H2+H14+H19), 0.91 (m, 3H, H1 + H20), 0.86 (t, 3H, J=6.9Hz, H1 or H20). 13C-NMR, 300 MHz, 
CDCl3, δ ppm: 165.61 (p), 159.22 (e), 146.06 (z), 143.48 (l), 132.13 (i), 130.53 (h), 
129.52 (u or v), 129.26 (u or v), 127.82 (g or j), 127.79 (g or j), 126.04 (k), 123.11 (m or 
n), 121.55 (m or n), 114.65 (f), 67.72 (d), 66.67 (q), 50.69 (o), 31.43-22.13 (b + s + x), 
13.65 (a or y), 13.56 (a or y), 12.45 (aa). 
HRMS (EI) m/z calcd. C48H75N2O3+ (cation): 727.58387, found 727.58175. 
 
ILC 1c 
Yield: 82% 1H-NMR, 400 MHz, CDCl3, δ ppm: 7.75 (m, 3H, H8 + H9 or H10), 7.69 (m, 2H, 
H7), 7.54 (m, 2H, H6), 7.30 (t, 1H, J=2.1Hz, H9 or H10), 7.01 (m, 2H, H5), 5.43 (d, 2H, 
J=3.6Hz, H11), 5.36 (m, 2H, H16+H17), 4.26 (t, 2H, J=6.8Hz, H12), 4.02 (t, 2H, J=6.6Hz, 
H4), 3.15 (q, 2H, J=7.7Hz, H23), 2.01 (m, 4H, H15+H18), 1.82 (q, 2H, J=6.7Hz, H13), 1.71 
(q, 2H, J=6.8Hz, H3), 1.39 (m, 40H, H2+H14+H19), 1.13 (t, 3H, J=7.7Hz, H24), 0.89 (t, 3H, 
J=6.9Hz, H1 or H20), 0.88 (t, 3H, J=6.9Hz, H1 or H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 
165.86 (p), 159.27 (e), 149.78 (z), 143.64 (l), 132.13 (i), 130.44 (h), 129.53 (u or v), 
129.26 (u or v), 127.82 (g + j), 126.07 (k), 123.15 (m or n), 121.97 (m or n), 114.67 (f), 
67.74 (d), 66.71(q), 50.61 (o), 31.44 -22.21 (b + s + x), 19.14 (ab), 13.65 (a + y), 11.01 
(ac). 
HRMS (EI) m/z calcd. C49H77N2O3+ (cation): 741.59342 found 741.59071. 
 
ILC 1d 
Yield: 83% 1H-NMR, 400 MHz, CDCl3, δ ppm: 7.75 (d, 1H, J=2.1Hz, H9 or H10), 7.74 (m, 
2H, H8), 7.67 (m, 2H, H7), 7.54 (m, 2H, H6), 7.30 (d, 1H, J=2.2Hz, H9 or H10), 7.01 (m, 2H, 
H5), 5.39 (s, 2H, H11), 5.34 (m, 2H, H16+H17), 4.25 (t, 2H, J=6.8Hz, H12), 4.01 (t, 2H, 
J=6.6Hz, H4), 3.09 (m, 2H, H25), 1.99 (m, 4H, H15+H18), 1.81 (m, 2H, H13), 1.70 (m, 2H, 
H3), 1.42 (m, 42H, H2+H14+H19+H26), 0.87 (m, 9H, H1+H20+H27). 13C-NMR, 300 MHz, 
CDCl3, δ ppm: 165.84 (p), 159.27 (e), 148.81 (z), 143.59 (l), 132.22 (i), 130.42 (h), 
129.54 (u or v), 129.25 (u or v), 127.82 (g or j), 127.78 (g or j), 126.16 (k), 123.15 (m or 
n), 122.01 (m or n), 114.67 (f), 67.74 (d), 66.69 (q), 50.61 (o), 31.44-22.21 (b + s + x + 
ae), 20.28 (ad), 13.64 (a + y), 13.36 (af). 
HRMS (EI) m/z calcd. C50H79N2O3+ (cation): 755.60907, found 755.60708. 
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ILC 1e 
Yield: 60% 1H-NMR, 400 MHz, CDCl3, δ ppm: 7.87 (d, 1H, J=2.2Hz, H9 or H10), 7.75 (m, 
2H, H8), 7.59 (m, 2H, H7), 7.55 (m, 2H, H6), 7.20 (d, 1H, J=2.2Hz, H9 or H10), 7.02 (m, 2H, 
H5), 5.52 (s, 2H, H11), 5.36 (m, 2H, H16+H17), 4.27 (t, 2H, J=6.8Hz, H12), 4.02 (t, 2H, 
J=6.6Hz, H4), 3.38 (m, 1H, H28), 2.00 (m, 4H, H15+H18), 1.82 (m, 2H, H13), 1.72 (m, 2H, 
H3), 1.40 (m, 40H, H2+H14+H19), 1.36 (d, 6H, J=7.2Hz, H29), 0.88 (t, 6H, J=6.9Hz, 
H1+H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 165.88 (p), 159.35 (e), 150.82 (z), 143.95 
(l), 132.37 (i), 130.29 (h), 129.55 (u or v), 129.26 (u or v), 127.83 (g or j), 127.55 (g or j), 
126.86 (k), 124.03 (m or n), 122.79 (m or n), 114.70 (f), 67.75 (d), 66.80 (q), 50.81 (o), 
31.43-22.21 (b + s + x), 19.81 (ag), 13.64 (ah+a).  
HRMS (EI) m/z calcd. C50H79N2O3+ (cation): 755.60907, found 755.60681. 
 
Alkylation reaction with octadecyl  iodide: ILC 1f (Scheme S2, step ix)  
 
About 200 mg of the ILC precursor (5b) and an excess of 2-iodoacetic octadecane 
(0.77 mmol), (compound 9), were stirred in 3 ml of toluene. The reaction was set it up 
and the crude product purified by following the procedure given (step viii).  
 
 
 
ILC 1f 
Yield: 80%  1H-NMR, 400 MHz, CDCl3, δ ppm: 7.92 (m, 1H, H9 or H10), 7.72 (m, 2H, H8), 
7.64 (m, 2H, H7), 7.51 (m, 2H, H6), 7.35 (m, 1H, H9 or H10), 6.99 (m, 2H, H5), 5.54 (s, 2H, 
H11), 4.25 (t, 2H, J=6.9Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 2.75 (s, 3H, H17), 1.68 (m, 2H, 
H3), 1.63 (m, 2H, H13)1.38 (m, 48H, H14+H15+H2), 0.86 (t, 6H, J=6.9Hz, H16+H1). 13C-
NMR, 300 MHz, CDCl3, δ ppm: 165.61 (p), 159.22 (e), 146.06 (z), 143.48 (l), 132.13 (i), 
130.53 (h), 127.82 (g or j), 127.79 (g or j), 126.04 (k), 123.11 (m or n), 121.55 (m or n), 
114.65 (f), 67.72 (d), 66.67 (q), 50.69 (o), 31.43-22.13 (b + s + t), 13.65 (a or u), 13.56 (a 
or u), 12.45 (aa). 
HRMS (EI) m/z calcd. C48H77N2O3+ (cation): 729.59342, found 729.59060. 
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Synthesis of ILC series 2  
 
BF4- metathesis with NaBF4: ILC (2a-2f)-General procedure (scheme S2, step 
x).  
 
About 100mg of the ILC (1a-1f) was dissolved in CH2Cl2. The solution was washed 
with aqueous NaBF4 (x3) and water (x3) dried (MgSO4) and the solvent was evaporated. 
A concentrated solution of the product was prepared in CH2Cl2, filtered (0.2 µm pores), 
the solvent was evaporated and the final product dried for 24h under vacuum. 
 
ILC 2a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 9.38 (s, 1H, H21), 7.74 (m, 2H, H8), 7.65 (m, 2H, H7), 
7.56 (t, 1H, J=1.8Hz, H9 or H10), 7.51 (m, 3H, H6 +H9 or H10), 6.99 (m, 2H, H5), 5.36 (m, 
2H, H16+H17), 5.29 (m, 2H, H11), 4.25 (t, 2H, J=6.9Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 1.99 
(m, 4H, H15+H18), 1.81 (m, 2H, H13), 1.70 (m, 2H, H3), 1.35 (m, 40H, H2+H14+H19), 0.88 (t, 
6H, J=6.9Hz, H1+H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 165.39 (p), 159.19 (e), 142.93 
(l), 136.04 (z), 132.05 (i), 130.34 (h), 129.50 (u or v), 129.28 (u or v), 128.01 (g or j), 
127.71 (g or j), 123.97 (m or n), 121.96 (k), 119.69 (m or n), 114.63 (f), 67.72 (d), 66.87 
(q), 50.63 (o), 31.44 - 22.22 (b + s + x) , 13.65 (a + y). 
 
ILC 2b 
1H-NMR, 300 MHz, CDCl3, δ ppm: 7.71 (m, 2H, H8), 7.56 (d, 1H, J=2.2Hz, H9 or H10), 
7.51 (m, 4H, H7+H6), 7.30 (d, 1H, J=2.2Hz, H9 or H10), 6.99 (m, 2H, H5), 5.33 (m, 2H, 
H16+H17), 5.14 (s, 2H, H11), 4.22 (t, 2H, J=6.9Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 2.56 (s, 
3H, H22), 1.98 (m, 4H, H15+H18), 1.81 (m, 2H, H13), 1.68 (m, 2H, H3), 1.38 (m, 40H, 
H2+H14+H19), 0.90 (m, 6H, H1+H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 165.93 (p), 
159.19 (e), 145.80 (z), 143.29 (l), 132.28 (i), 130.58 (h), 129.51 (u or v), 129.28 (u or v), 
127.81 (g or j), 127.77 (g or j), 125.80 (k), 122.94 (m or n), 121.53 (m or n), 114.63 (f), 
67.71 (d), 66.57 (q), 49.08 (o), 31.43-22.14 (b + s + x), 13.64 (a or y), 13.57 (a or y), 
10.07 (aa). 
 
ILC 2c 
1H-NMR, 300 MHz, CDCl3, δ ppm: 7.71 (m, 2H, H8), 7.56 (d, 1H, J=2.2Hz, H9 or H10), 
7.52 (m, 4H, H7+H6), 7.29 (d, 1H, J=2.2Hz, H9 or H10), 6.98 (m, 2H, H5), 5.35 (m, 2H, 
H16+H17), 5.15 (s, 2H, H11), 4.22 (t, 2H, J=6.9Hz, H12), 4.00 (t, 2H, J=6.6Hz, H4), 2.98 (q, 
2H, J=7.5Hz, H23), 1.99 (m, 4H, H15+H18), 1.81 (m, 2H, H13), 1.68 (m, 2H, H3), 1.39 (m, 
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40H, H2+H14+H19), 1.07 (t, 3H, J=7.7Hz, H24), 0.87 (t, 6H, J=6.7Hz, H1+H20). 13C-NMR, 
300 MHz, CDCl3, δ ppm: 166.20 (p), 159.20 (e), 149.39 (z), 143.37 (l), 132.31 (i), 130.53 
(h), 129.50 (u or v), 129.28 (u or v), 127.81 (g + j), 125.92 (k), 123.13 (m or n), 122.01 (m 
or n), 114.63 (f), 67.71 (d), 66.53 (q), 48.97 (o), 32.14-22.21 (b +s + x), 17.15 (ab), 13.64 
(a + y), 10.54 (ac). 
 
ILC 2d 
1H-NMR, 300 MHz, CDCl3, δ ppm: 7.73 (m, 2H, H8), 7.54 (m, 4H, H7+H6), 7.46 (d, 1H, 
J=2.1Hz, H9 or H10), 7.26 (d, 1H, J=1.6Hz, H9 or H10), 7.00 (m, 2H, H5), 5.36 (m, 2H, 
H16+H17), 5.14 (s, 2H, H11), 4.25 (t, 2H, J=6.8Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 2.94 (m, 
2H, H25), 1.98 (m, 4H, H15+H18), 1.81 (m, 2H, H13), 1.70 (m, 2H, H3), 1.41 (m, 42H, 
H2+H14+H19+H28), 0.86 (m, 9H, H1+H20+H29). 13C-NMR, 300 MHz, CDCl3, δ ppm: 166.14 
(p), 159.26 (e), 148.61 (z), 143.55 (l), 132.25 (i), 130.43 (h), 129.54 (u or v), 129.25 (u or 
v), 127.81 (g + j), 126.04 (k), 122.91 (m or n), 121.94 (m or n), 114.67 (f), 67.74 (d), 
66.65 (q), 49.12 (o), 31.44-22.22 (b + s + x + ae), 20.10 (ad), 13.65 (a + y), 13.26 (af). 
 
ILC 2e 
1H-NMR, 300 MHz, CDCl3, δ ppm: 7.73 (m, 2H, H8), 7.52 (m, 5H, H7+H6+ (H9 or H10)), 
7.19 (d, 1H, J=2.2Hz, H9 or H10), 7.01 (m, 2H, H5), 5.36 (m, 2H, H16+H17), 5.22 (s, 2H, 
H11), 4.25 (t, 2H, J=6.8Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 3.32 (m, 1H, H28), 1.98 (m, 4H, 
H15+H18), 1.81 (m, 2H, H13), 1.70 (m, 2H, H3), 1.38 (m, 40H, H2+H14+H19), 1.30 (d, 9H, 
J=7.2Hz, H29), 0.87 (t, 6H, J=6.6Hz, H1+H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 166.16 
(p), 159.31 (e), 150.73 (z), 143.82 (l), 132.47 (i), 130.40 (h), 129.54 (u or v), 129.25 (u or 
v), 127.82 (g or j), 127.50 (g or j), 126.80 (k), 123.54 (m or n), 122.76 (m or n), 114.67 (f), 
67.75 (d), 66.71 (q), 49.52 (o), 31.44-22.22 (b + s + x), 19.17 (ag), 13.65 (ah). 
 
ILC 2f 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.92 (m, 1H, H9 or H10), 7.72 (m, 2H, H8), 7.64 (m, 2H, 
H7), 7.51 (m, 2H, H6), 7.35 (m, 1H, H9 or H10), 6.99 (m, 2H, H5), 5.54 (s, 2H, H11), 4.25 (t, 
2H, J=6.9Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 2.75 (s, 3H, H17), 1.68 (m, 2H, H3), 1.63 (m, 
2H, H13)1.38 (m, 48H, H14+H15+H2), 0.86 (t, 6H, J=6.9Hz, H16+H1). 13C-NMR, 300 MHz, 
CDCl3, δ ppm: 165.61 (p), 159.22 (e), 146.06 (z), 143.48 (l), 132.13 (i), 130.53 (h), 
127.82 (g or j), 127.79 (g or j), 126.04 (k), 123.11 (m or n), 121.55 (m or n), 114.65 (f), 
67.72 (d), 66.67 (q), 50.69 (o), 31.43-22.13 (b + s + t), 13.65 (a or u), 13.56 (a or u), 
12.45 (aa). 
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Synthesis of ILC: series 3 
 
NTf2- metathesis with AgNTf2 (3a-3f) -General procedure (scheme S2, step 
xi) 
 
About 100 mg of the ILC (1a-1e) was dissolved in MeOH and a solution of AgNTf2 in 
MeOH was slowly added. A yellow precipitate was formed, removed via filtration, and the 
solvent via rotary evaporation. The resulting solid was dissolved in CH2Cl2 and washed 
with aqueous LiNTf2 (x2) and water (x2), dried (MgSO4) and the solvent was evaporated. 
A concentrated solution of the product was prepared in CH2Cl2, filtered (0,2 µm pores), 
the solvent was removed and the final product dried for 24h under vacuum. 
 
ILC 3a 
1H-NMR, 300 MHz, CDCl3, δ ppm: 9.17 (t, 1H, J=1.6Hz, H21), 7.74 (m, 2H, H8), 7.59 (m, 
3H, H7+ H9 or H10), 7.55 (m, 1H, H9 or H10), 7.52 (m, 2H, H6), 6.99 (m, 2H, H5), 5.36 (m, 
2H, H16+H17), 5.22 (s, 2H, H11), 4.25 (t, 2H, J=6.8Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 1.99 
(m, 4H, H15+H18), 1.81 (m, 2H, H13), 1.69 (m, 2H, H3), 1.38 (m, 40H, H2+H14+H19), 0.88 (t, 
6H, J=6.7Hz, H1+H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 165.29 (p), 159.25 (e), 143.33 
(l), 135.28 (z), 131.91 (i), 130.30 (h), 129.51 (u or v), 129.28 (u or v), 128.06 (g or j), 
127.77 (g or j), 124.01 (m or n), 122.11 (k), 120.65 (m or n), 114.64 (f), 67.73 (d), 66.99 
(q), 50.02 (o), 31.44-22.21 (b + s +x), 13.64 (a + y). 
 
ILC 3b 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.76 (m, 2H, H8), 7.54 (m, 4H, H6+H7), 7.42 (d, 1H, 
J=2.2Hz, H9 or H10), 7.31 (d, 1H, J=2.2Hz, H9 or H10), 7.01 (m, 2H, H5), 5.36 (m, 2H, 
H16+H17), 5.12 (s, 2H, H11), 4.25 (t, 2H, J=6.8Hz, H12), 4.02 (t, 2H, J=6.6Hz, H4), 2.57 (s, 
3H, H22), 2.00 (m, 4H, H15+H18), 1.82 (m, 2H, H13), 1.71 (m, 2H, H3), 1.39 (m, 40H, 
H2+H14+H19), 0.88 (t, 6H, J=6.9Hz, H1 or H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 165.56 
(p), 159.30 (e), 145.62 (z), 143.73 (l), 131.92 (i), 130.41 (h), 129.55 (u or v), 129.25 (u or 
v), 127.95 (g or j), 127.84 (g or j), 125.68 (k), 122.68 (m or n), 121.74 (m or n), 114.68 (f), 
67.73 (d), 66.91 (q), 49.41 (o), 31.43-22.14 (b + s + x), 13.64 (a or y), 13.57 (a or y), 
10.21 (aa). 
 
ILC 3c 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.76 (m, 2H, H8), 7.55 (m, 2H, H6), 7.51 (m, 2H, H7), 
7.47 (d, 1H, J=2.2Hz, H9 or H10), 7.30 (d, 1H, J=2.2Hz, H9 or H10), 7.01 (m, 2H, H5), 5.36 
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(m, 2H, H16+H17), 5.13 (s, 2H, H11), 4.26 (t, 2H, J=6.9Hz, H12), 4.02 (t, 2H, J=6.6Hz, H4), 
2.96 (q, 2H, J=7.7Hz, H23), 1.99 (m, 4H, H15+H18), 1.82 (m, 2H, H13), 1.71 (m, 2H, H3), 
1.40 (m, 40H, H2+H14+H19), 1.14 (t, 3H, J=7.7Hz, H22), 0.88 (m, 6H, H1+H20). 13C-NMR, 
300 MHz, CDCl3, δ ppm: 165.78 (p), 159.32 (e), 149.17 (z), 143.80 (l), 131.92 (i), 130.36 
(h), 129.54 (u or v), 129.26 (u or v), 127.94 (g or j), 127.84 (g or j), 125.81 (k), 122.93 (m 
or n), 122.19 (m or n), 114.68 (f), 67.74 (d), 66.87 (q), 49.15 (o), 32.13-22.21 (b + s +x), 
17.23 (ab), 13.64 (a + y), 10.72 (ac). 
 
ILC 3d 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.77 (m, 2H, H8), 7.56 (m, 2H, H6), 7.51 (m, 2H, H7), 
7.45 (d, 1H, J=2.2Hz, H9 or H10), 7.29 (d, 1H, J=2.2Hz, H9 or H10), 7.02 (m, 2H, H5), 5.36 
(m, 2H, H16+H17), 5.13 (s, 2H, H11), 4.27 (t, 2H, J=6.8Hz, H12), 4.02 (t, 2H, J=6.6Hz, H4), 
2.90 (m, 2H, H25), 1.99 (m, 4H, H15+H18), 1.82 (m, 2H, H13), 1.71 (m, 2H, H3), 1.42 (m, 
42H, H2+H14+H19+H25), 0.88 (m, 9H, H1+H20+H26). 13C-NMR, 300 MHz, CDCl3, δ ppm: 
165.77 (p), 159.32 (e), 148.15 (z), 143.73 (l), 132.00 (i), 130.32 (h), 127.89 (g or j)), 
127.83 (g or j), 125.86 (k), 123.02 (m or n), 122.23 (m or n), 114.68 (f), 67.74 (d), 66.87 
(q), 49.16 (o), 32.13-22.22 (b + s + x + ae), 20.05 (ad), 13.64 (a + y), 13.22 (af). 
 
ILC 3e 
1H-NMR, 300 MHz, CDCl3, δ ppm: 7.75 (m, 2H, H8), 7.55 (m, 2H, H6), 7.51 (m, 2H, H7), 
7.43 (d, 1H, J=2.2Hz, H9 or H10), 7.21 (d, 1H, J=2.2Hz, H9 or H10), 7.01 (m, 2H, H5), 5.36 
(m, 2H, H16+H17), 5.19 (s, 2H, H11), 4.26 (t, 2H, J=6.8Hz, H12), 4.02 (t, 2H, J=6.6Hz, H4), 
3.32 (m, 1H, H28), 1.99 (m, 4H, H15+H18), 1.82 (m, 2H, H13), 1.70 (m, 2H, H3), 1.38 (m, 
40H, H2+H14+H19), 1.30 (d, 6H, J=7.2Hz, H29), 0.88 (t, 3H, J=6.9Hz, H1 or H20), 0.87 (t, 
3H, J=6.5Hz, H1 or H20). 13C-NMR, 300 MHz, CDCl3, δ ppm: 165.83 (p), 159.38 (e), 
150.77 (z), 144.02 (l), 132.15 (i), 130.27 (h), 129.52 (u or v), 129.29 (u or v), 127.87 (g or 
j), 127.56 (g or j), 126.84 (k), 123.57 (m or n), 122.82 (m or n), 114.78 (f), 67.75 (d), 
66.89 (q), 50.16 (o), 31.44-22.22 (b + s + x), 19.15 (ag), 13.62 (ah). 
 
ILC 3f 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.92 (m, 1H, H9 or H10), 7.72 (m, 2H, H8), 7.64 (m, 2H, 
H7), 7.51 (m, 2H, H6), 7.35 (m, 1H, H9 or H10), 6.99 (m, 2H, H5), 5.54 (s, 2H, H11), 4.25 (t, 
2H, J=6.9Hz, H12), 4.01 (t, 2H, J=6.6Hz, H4), 2.75 (s, 3H, H17), 1.68 (m, 2H, H3), 1.63 (m, 
2H, H13)1.38 (m, 48H, H14+H15+H2), 0.86 (t, 6H, J=6.9Hz, H16+H1). 13C-NMR, 300 MHz, 
CDCl3, δ ppm: 165.61 (p), 159.22 (e), 146.06 (z), 143.48 (l), 132.13 (i), 130.53 (h), 
127.82 (g or j), 127.79 (g or j), 126.04 (k), 123.11 (m or n), 121.55 (m or n), 114.65 (f), 
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67.72 (d), 66.67 (q), 50.69 (o), 31.43-22.13 (b + s + t), 13.65 (a or u), 13.56 (a or u), 
12.45 (aa). 
 
3.5.3 Mesomorphic properties of ILC (DSC and POM) 
 
Phase transition enthalpies and entropies of series 2 and 3 are given in Tables 1and 
2.  
 
 
Scheme S3. 
 
 
Scheme S4. 
 
Table S1.  Mesomorphic properties of ILC for compounds 2a-2e (Scheme S3) 
and 2f (Scheme S4) containing BF4 as counter ion. 
 
ILC 2a 2b 2c 2d 2e 2f 
T(Cr-SmA)(°C) 76       63  59 
ΔH(Cr-SmA) (kJ mol-1) 6.2        55 41.2 
ΔS(Cr-SmA) (J mol-1 K-1) 18        163.5 124.4 
T(SmA-Iso) (°C) 208 160 140 79 116 233 
ΔH(SmA-Iso) (kJ mol-1) 1.6 2.2 1.8 0.2 2 2.8 
ΔS(Cr-SmA) (J mol-1 K-1) 3.3 5 4.3 0.4 5.1 5.5 
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Table S2.  Mesomorphic properties of ILC for compounds 3a-3e (Scheme S3) 
and 3f (Scheme S4) containing Ntf2 as counter ion. 
 
ILC 3a 3b 3c 3d(a) 3e 3f 
T(Cr-SmA)(°C) 44 23 17 -2 -2  90 
ΔH(Cr-SmA) (kJ mol-1) 
27.
2 
7.7 29.5 13.4 13.1 53  
ΔS(Cr-SmA) (J mol-1 K-1) 
85.
9 
25.7 102.2 53.1 48 149.5  
T(SmA-Iso)(°C) 99 83 55  7 25 110 
ΔH(SmA-Iso)(kJ mol-1) 3 2.2 1.8 1.5 1.3  2.5 
ΔS(SmA-Iso) (J mol-1 K-1) 8.1 6.3 5.6 5.3 4.5  6.7 
 
(a) ILC 3d is monotropic, it has a (Cr-Iso) phase transition at 35 °C / ΔH= 47.7 
kJ/mol, ΔS = 153 J/mol K. 
 
3.5.4 Molecular modeling 
  
Our modeling studies were aimed to quantify the value in the rotational energy barrier 
(C1-N1) when the size of the lateral chain in the core (R) was increased. The structures 
were first subjected to structural minimization using Spartan software package (force 
field: Hartree-FockF 6-31G*) (scheme S5). 
 
 
Scheme S5. 
 
Rotational energy barriers were calculated by rotating the C1-N1 bond 5° and 
subsequent minimization of the structure (same force field), maintaining the dihedral 
angle fixed. Energy barriers are given as the difference between the minimum and 
maximum energies after a rotation of 180 or 360°. Crude data is given in Figure S1. 
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Figure S1. Energy barriers for rotations around the C1-N1 bond (Scheme S5). 
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4.1 Introduction 
Ionic liquids (ILs) are organic materials with melting points below 100 °C, but 
more commonly below room temperature. As the properties of both the cation and 
anion can be tuned independently, they are highly customizable solvents.1 Their 
ionic nature yields a negligible vapor pressure,2 which initially captured the 
interest of industry to replace volatile organic compounds (VOCs) with ILs as 
‘green’ solvents.3 Nowadays, however, many additional fields of science utilized 
the advantages that ILs offer,4 In fact, they are now commercially applied in 
separation technology, as cellulose solvents, paint additives and in batteries and 
solar cells that use their electrochemical properties.5  
Besides their use as merely advanced solvents, ILs can readily be 
functionalized to actively participate in their application, for instance as a catalyst 
or to tether a catalyst to the IL. The potential of this class of functional ILs, 
commonly referred to as task-specific ionic liquids6 (TSILs) is rapidly developing 
judging by their expanding application range in, f.i. (bio)catalysis,1a,4a,7,8 
electrochemical cells,9 actuators10 and gas absorption.11  
The development in ionic liquids has primarily focused on hydrophobic (often 
BF4–, PF6– and Tf2N–) and halide anions.1 In aqueous environments many of these 
fluorine containing anions degrade, resulting in HF formation, a process also 
contributing to the toxicity effects observed for these materials.5,12 ILs with 
hydrophilic anions such as carboxylates or amino acid derivatives13 avoid such 
problems and interface more naturally with biotechnology. In addition, hydrophilic 
ILs have recently successfully been developed for aqueous biphasic liquid-liquid 
separation techniques.14 They are, however, much more challenging to obtain in 
acceptably pure grades. Currently, two major synthetic approaches are applied in 
the synthesis of such ILs; both have major disadvantages.15 One approach relies 
on anion metathesis from hydroxides,13,16which are not stable and result in impure 
final products.11c,17 The other approach uses carbonate-based processes.18 
Although this route yields stable precursors, their preparation requires thermally 
demanding conditions and exclude common substitution patterns and many 
functional groups. For instance, the alkyl carbonate-based CBIL© process18c 
allows no substituents at the reactive C(2) position in of the commonly used 
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imidazolium ILs, despite the universally accepted instability of the attached 
proton.11c,19  
Alternative routes invariably require stringent purification procedures, which 
are difficult for ILs in general but even more so for hydrophilic ones, as the ionic 
byproducts are partially soluble in the main product. For instance, commonly 
found trace impurities are halides that have shown to produce inactive catalyst 
species or irreproducible results due to varying levels between different batches 
of the same material.20  
In order to reliably access this class of hydrophilic ionic liquids alternative 
synthetic approaches are needed which (a) are quantitative chemical 
transformations, avoiding cumbersome purification processes; (b) do not rely on 
halide exchange, avoiding trace ionic impurities; or (c) avoid ionic impurities 
altogether.   
In this work, we present a novel route to hydrophilic ILs, yielding clean products 
solely using very mild conditions. We designed versatile generic ionic precursors 
that can be reacted to yield conventional ionic liquids, but can also be used to 
introduce functional groups establishing a mild route to hydrophilic TSILs. The 
precursors 1–3 (Scheme 1) are readily available from commercial starting 
materials in a mild one-step reaction; they are stable over time, pure and halogen-
free. The reduction of the precursor provides conventional 1-ethyl-2,3-dimethyl-
imidazolium-based ILs (4), where the carboxylic anion can be replaced 
quantitatively with a range of other hydrophilic anions, allowing fine-tuning of the 
physicochemical properties of the IL. In addition, we exploit the sulfanyl group to 
generate TSILs (5–8) using straightforward Michael addition chemistry. 
Importantly, our modification strategies leave the anion intact and avoid the 
introduction of ionic impurities such as halides. 
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Scheme 1. Generic IL/TSIL precursors approach. Precursors 1-3 can be modified to 
either yield standard ILs 4 with a range of counter ions or to give TSILs 5-8, also with 
a range of counter ions. 
 
 
4.2 Results and Discussion 
 
Precursors. The key one-step reaction towards precursors 1–3 is based on the 
ring opening reaction of thiirane by an N-substituted 2-methylimidazole using a 
carboxylic acid anhydride as solvent (Table 1). This approach allows for the 
presence of a methyl group at the imidazole’s 2-position instead of the labile 
proton11c,21 that is present in many commercial ILs. The reaction generates the 
imidazolium cation in the presence of a carboxylate counter ion, free from any 
ionic impurities. The reaction conditions required optimization to obtain sufficiently 
high yields, but even at optimized conditions (entries 6 and 7) the reaction is still 
relatively slow.   
 
Experiments showed that decreased thiirane concentrations (entries 1 and 2) 
slightly lower the yield. Reactions at excess sulfide concentrations were not  
considered as thiirane oligomerization is anticipated to compete. The 
anhydrides required distillation prior to use, since acid impurities (entry 3) inhibited 
the reaction, presumably the result of protonation of the imidazole rendering it 
unreactive. Heating the reaction mixture to 35 °C (entries 4 and 5) increases the 
reaction rate, however, the formation of side products limited the total yield 
obtained (vide infra).22  
 
Carrying out the reaction in the presence of other acid anhydrides, such as 
propionic, valeric and pivalic anhydrides introduces the opportunity to tune the 
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properties of the precursor and subsequently derived ionic liquids in one single 
step by simply replacing the carboxylate anion. The use of more sterically 
hindered anhydrides substantially reduces the reaction rate (entries 7−10). On the 
other hand, reaction with more activated anhydrides such as trifluoroacetic 
anhydride fails entirely (entry 11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We propose that ionic liquids 1–3 are formed by a ring opening reaction of 
thiiranium III by 1-alkyl-2-methylimidazole I (Scheme 2, step iii). This intermediate 
is formed by the reaction of thiirane with the anhydride solvent that is catalyzed by 
the imidazole starting material I (steps i and ii) with II as intermediate.23 The 
thiiranium salt III reacts slower with external nucleophiles as the R group becomes 
larger, in line with the reduced reaction rates for bulkier anhydrides. In a 
competing side reaction IV (step iv) is generated. The rate of the íntramolecular 
reaction iv will be independent of the alkyl substitution of I. As the rate of product 
formation decreases with the increasing alkyl tail size, the yields of precursor 1–3  
decrease as the competing side reaction becomes, relatively, progressively faster 
(Table 1, entries 7–10).  
 
Table 1. Reaction conditionsa and yieldsb for the precursor synthesis. 
 
Entry R R’ 
Molar reactant ratios 
Product Time (days) 
Yield 
(%) N-alkyl-2-methylimidazole 
thiirane anhydride 
1 
2 
3c 
4d 
5d 
6 
7 
8 
9 
10 
11 
12 
13 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH2CH3 
(CH2)3CH3 
C(CH3)3 
CF3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
(CH2)5CH3 
(CH2)11CH3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
1a 
1a 
1a 
1a 
1a 
1a 
1a 
1b 
1c 
1d 
1e 
2a 
3a 
1 
7 
7 
1 
7 
7 
14 
14 
14 
14 
14 
14 
14 
10 
58 
0 
35 
38 
64 
81 
60 
56 
30e 
n.d.f 
77 
48 
a Reaction conditions: neat (no solvent) typically 1 mL imidazole scale, room temperature, 
argon atmosphere. b Yields determined from 1H NMR spectra of the reaction mixture. c Addition 
of 0.5 mL acetic acid. d Reaction at T = 35 °C. e Product precipitated from the reaction mixture 
as a white solid. f n.d. = not determined. 
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The reaction is not limited to small imidazolium-based ILs. Intermediate and 
long aliphatic tails may be introduced at the 1-position of the starting imidazole, 
opening the route towards (functional) ionic liquid crystals.24 As a demonstration, 
two N-alkylated imidazoles were reacted with thiirane in acetic anhydride (entries 
12 and 13). With the longer alkyl tails, we found a reduced solubility in acetic 
anhydride and to counter an additional contribution to the already low reaction 
rates, the reaction mixture may be heated slightly (with the risk of the above 
mentioned side reactions), or, alternatively, n-pentane may be added to the 
reaction mixture.  
 
 
Scheme 2. Proposed reaction sequence for the formation of IL precursors 1-3. 
 
The precursors 1–3 were dried under high vacuum for 24 h, prior to further 
analysis. According to 1H and 13C NMR all compounds (besides 2a and 3a) 
present a dimeric counter ion that mostly resembles a hydrogen dicarboxylate as 
only one set of peaks are found in the spectra of the anion.25 A dimeric or even 
oligomeric carboxylate anion has been reported for more ionic liquids,11c,26 but the 
relation between the structure of the cation and anion to the number of molecules 
present in the anion remains unknown.  
 
Thioesters 1–3 are versatile and stable precursors towards common and 
functional ILs. In our lab, they are commonly stored for months in solution of the 
carboxylic anhydride they were made from without noticeable degradation, but 
also after purification they can be stored for extended periods of time. Most of our 
products are isolated as yellowish liquids (at room temperature). Only 1d with the 
pivalate counter ion is a solid at room temperature, which allows for easy 
purification by recrystallization, yielding a white solid.  
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In the next sections of the manuscript we will address modification procedures 
of the precursors 1–3, converting the thioester group by hydrogenolysis, 
ammonolysis (or hydrolysis) or by an addition reaction to yield either common or 
functional ILs. In parallel, we will discuss and compare two different materials: 
acetate 1a, with the smallest counter ion, its reactions are relatively fast; and 
pivalate 1d, it offers the opportunity to generate very pure (TS)ILs with zero optical 
absorption in the visible part of the spectrum, which remains a true challenge in 
the IL field.27  
 
Hydrogenolysis. Conventional ILs 4a and 4d of the type EMIm (but with the 
additional stabilizing methyl group at the 2-position) were formed by reductive 
cleavage of the corresponding thioesters 1a and 1d, respectively (Scheme 3). 
Although a wide range of different catalytic methods to reduce the C–S bond of a 
thioester have been reported,28 only a few would succeed preserving the 
(hydrophilic) counter ion. This requires that reagents and byproducts should in 
principle be non-ionic in nature and separable from the reaction mixture. Based on 
these demands, we selected Raney nickel/H2 as the method of choice to 
hydrogenolyze the thioester.29 Raney nickel was thoroughly washed with solvents 
and activated with acetic acid30 (or pivalic acid for reactions with 1d) prior to use. 
In our first attempts 1a was subjected to hydrogenolysis under various conditions 
(different solvents: methanol, ethanol or water). The reaction was quantitative and 
rapid (2–4 h). Analysis of the crude mixture by NMR, however, showed the 
absence of any acetate signals in the product, indicating complete replacement of 
the counter ion, even when the reaction was stopped after a few minutes or when 
the reaction was run in the presence of excess acetic acid.31 Efforts to reintroduce 
the acetate counter ion proved unsuccessful.  
 
When pivalate 1d was subjected to the same hydrogenolysis conditions, the 
reaction was much slower (room temperature, overnight, quantitative conversion). 
Remarkably, product analysis after purification of the reaction mixture showed the 
pivalate counter ion present in the product, in this case in a 1:1 ratio to the cation. 
That is, the additional equivalent of pivalic acid present in 1d was not observed in 
4d. Subsequent washing and precipitation steps allowed for a quantitative ion 
exchange of 4d into 4a; the latter also missed the additional equivalent acetic acid 
in the product.   
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Scheme 3. Thioester hydrogenolysis towards conventional ILs with carboxylate 
counter ions. Key: (i) H2, RCO2H-activated Raney Ni, EtOH, room temperature, 1–16 
h, 92%; (ii) AcOH (excess) and precipitation, 98%.  
 
Ammonolysis of the precursors. To be able to employ the built-in thiol functional 
group, compounds 1a–1d required deacylation. Ammonium and imidazolium decorated 
thiols find application in metal nanoparticle stabilization where the sulfide strongly binds 
to the metal (e.g., Au, Pt, Pd) surface.32 The ionic group in these coatings facilitates 
stabilization through Coulombic repulsion. 
 
Such ligand can be readily obtained through an ammonolysis reaction in 
aqueous ammonia (Scheme 4). Thioester 1a (R = CH3) was fully converted to 5a 
in 30 min. The acetamide byproduct was removed by azeotropic distillation with o-
xylene, resulting in a pure product without further purification. The resulting thiol, 
however, was not stable over time under basic conditions as a result of oxidative 
dimerization of the thiol to the corresponding disulfide. The rate of dimerization of 
5a, compared to simple aliphatic thiols, was remarkably high and heating 
accelerated dimer formation. Precursors with bigger counter ions (1b−1d) were 
also efficiently ammonolyzed, however, the products are much more difficult to 
purify from the amide byproducts. Prolonged heating resulted invariably in 
dimerization of the product. In cases when applications require IL dimers, 
compounds 5a−5d can be mildly oxidized in DMSO solution. Reductions from the 
dimer to the free thiol can be carried out using phosphines in the reaction 
mixture.33  
 
As an alternative route, hydrolysis was carried out in aqueous methanol with 
triethylamine as a base (Scheme 4). The reaction was clean, but much slower 
than the ammonia route. The low reaction rate led to significant dimerization 
during the reaction and the pure thiol could only be obtained after an additional 
reduction step.   
NN
S R
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O
R
NN
O
O
R
1a   R = CH3
1d   R = t-Bu
i
4a   R = CH3
4d   R = t-Bu
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Scheme 4. Precursor hydrolysis. Key: (i) aq. NH3, room temperature, 30 min, 
quantitative, conversion > 98%; (ii) NEt3, aq. MeOH, room temperature, >5 days (no 
yield determined).  
 
Functionalization of the precursors. The strongly nucleophilic thiol is an excellent 
starting group for the introduction of functional groups to generate TSILs.34 We 
demonstrated this concept by performing thia-Michael additions with three different 
acceptors, although many other acceptors and even other reactions are conceivable. 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5. Thiol functionalization. Key: (i) NEt3, aq. MeOH, Michael acceptor 
(acrylonitrile, ethyl acrylate or penten-3-one), room temperature, 5 days, 89–92%; (ii) 
NEt3, EtOH/H2O (4:1), acrylonitrile, reflux, 5 days, 87%. 
 
The thio-Michael addition reaction was successfully carried out with thiols 5, but 
we found in our lab that the in-situ hydrolysis and Michael reaction gave TSILs in 
higher yield and purity (Scheme 5). To the hydrolysis reaction mixture was added 
an excess of the desired Michael acceptor, which captured the thiol from solution. 
The high reaction rate of the second step, compared to the first causes the 
concentration of thiol to be very low during the course of the reaction, efficiently 
preventing dimerization. The reaction was performed with three different Michael 
acceptors: acrylonitrile to yield 6a, ethyl acrylate to yield 7a and penten-3-one to 
give 8a. Typical reaction times were of the order of days, as a result of the slow 
hydrolysis reaction at room temperature. Bulky esters, such as 1b–1d, react even 
slower and require heating for practical application. In our hands, 1d showed full 
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conversion to 6d (Scheme 5, conditions ii) without the formation of detectable 
amounts of side products, and thus, yielding a very pure, non-colored TSIL. 
Ion exchange. The anions of ILs have a large impact on their ultimate properties.11a,35 
Using our anhydride method, we can introduce different carboxylate anions in the first 
step of the reaction. The downside of this approach is that, in particular for the larger, 
more sterically demanding carboxylates, subsequent reactions become sluggish. The 
acetate counter ion, however, allows easy exchange with many acids of lower pKa or 
acids with higher boiling temperatures. Scheme 6 shows the exchange reactions of 6a to 
ILs with different carboxylic anions, the same ions as prepared for 1. Also less basic (e.g. 
CF3CO2−, 6f) are now easily accessible, as are the more conventional inorganic anions 
(e.g., BF4−, 6g). One should note that Michael adducts containing acid-sensitive groups 
such as carboxylic esters will be sensitive to hydrolysis in the ion exchange reactions of 
low pKa acids.  
 
 
Scheme 6. Ion-exchange reactions. Key: (a) HA (excess), MeOH, room temperature, 
5 min; (b) evaporation of the volatiles (and optionally a precipitation procedure).  
 
As a standard procedure, acetate 6a was dissolved in dry methanol under an 
inert atmosphere. The acid of the desired counter ion was added drop wise to the 
stirred mixture, after which the volatiles in the mixture were simply evaporated. 
Subsequent analysis showed that the products 6b−6g were free of acetic acid. 
Potentially included excess acid was removed by precipitation of the product in 
ethyl acetate or diethyl ether and subsequent overnight drying with heating in 
vacuum. This straightforward exchange procedure presents an excellent 
alternative for the introduction of the desired anion from the anhydride (Table 1). 
Carboxylates 6c and 6g were obtained as low-melting-point solids, whereas the 
other five end products were room temperature ILs (Table 2). Spectroscopic 
analysis pointed out that the ILs with the smaller carboxylic anions form dimeric 
anions11c whereas the larger anions were monomeric in nature. Our initial thoughts 
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are that this effect will be dependent on size and polarity of the molecule as well 
as on packing arguments in the solid state. At this stage, however, we have an 
insufficiently large data set to indicate which of the parameters dominates. Our 
results do show that both the anion and the cation play a role and we stress that in 
applications of ILs or TSILs, sensitive to Brønsted–Lowry acids, the additional 
equivalent of acid should be considered.  
 
Table 2.  Results of ion exchange and counter ion complexes of 6. 
Entry Anion producta 
yield 
% 
phase at 
25 °C 
# molecules/ 
 anionb 
1 
2 
3 
4 
5 
6 
7 
CH3CO2− 
CH3CH2CO2− 
CH3(CH2)2CO2− 
(CH3)3CCO2− 
CHF2CO2− 
CF3CO2− 
BF4− 
 6a 
 6b 
 6c   
 6d c 
 6e 
 6f 
 6g 
90 
92 
86 
92 
97 
87 
92 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 
Liquid 
Solid 
2 
1 
1 
1 
2 
2 
n.d.d 
a Yields for ion exchange reactions are quantitative. b Number of carboxylate/carboxylic acid 
molecules in the anion complex, based on 1H and 19F NMR spectroscopy. c Obtained from the 
direct conversion of 1d with acrylonitrile to 6d (Scheme 5). d n.d. = not determined.  
 
 
4.3 Conclusions 
 
In this manuscript, we introduce a new precursor to generate conventional and 
functional ILs. The advantages of our approach over currently existing approaches 
are: (i) the precursor reaction conditions are very mild, allowing for the introduction 
of different functional groups in the IL; (ii) a wide range of hydrophobic and 
hydrophilic carboxylate anions can be readily introduced in the IL; (iii) very pure, 
non-colored materials are accessible; and (iv) a wide range of functional groups 
can be introduced through the (protected) thiol group in the precursor. To get to 
these results, we developed chemistry that is fully compatible with ionic liquids (in 
for instance reaction conditions and purification procedures) with a particular eye 
on the retention of the hydrophilic counter ions. In future work, we will use this 
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approach to systematically change the properties of the counter ion in order to 
map out their effects on the physical properties of the ILs.  
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4.5 Experimental section 
 
4.5.1 Instrumental  
 
1H and 13C NMR spectra were recorded on a Bruker AC-500 (500 MHz), Varian VXR-
400 (400 MHz) and a Bruker AC-300 (300 MHz) spectrometer. Spectra were recorded in 
CDCl3, CD3OD or DMSO-d6. Chemical shifts are reported in ppm referenced against the 
residual solvent signal (CHD2OD at 3.31 ppm and DMSO-d5 at 2.5 ppm) at or internal 
references for CDCl3 (TMS, 0.0 ppm). HRMS (ESI) mass measurements were performed 
on a JEOL Accu TOF-CS instrument in the positive mode using acetonitrile as solvent.  
Measurements in negative mode were carried out, however due to the nature of the 
counter-ions, only for compound 6g a signal was observed. 
 
4.5.2 Synthetic procedure of ionic presursors 1-3 
Synthesis of ionic precursors for 2a and 3a (Scheme S1) 
 
 
Scheme S1. Synthesis of 1-alkyl-2-methylimidazole precursors. Key: (i) Pyridine, DCM, 
0oC, overnight; (ii) ethanol, DMF, Cs2CO3, reflux, over night. 
 
 
General procedure for the synthesis of A and B: A mixture of p-toluensulfonic 
anhydride (20 mmol), pyridine (50mmol) and the alcohol (40mmol) was stirred in DCM 
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(50 mL) at 0 °C and slowly heated to room temperature. After one night reaction, the 
DCM solution was precipitated in 200 mL pentane and filtered to remove the solids. The 
crude reaction mixture was re-precipitated twice and purified on a silica column using 
(eluent: diethyl ether/pentane (1:9). The resulting product contains traces of the p-
toluenesulfonic anhydride. Yield: hexyl tosylate 95%; dodecyl tosylate 91%. The 
appropriate alkyl tosylate (20 mmol), 2-methylimidazol (60 mmol), Cs2CO3 (60 mmol) and 
DMF (2 mL) were refluxed in ethanol (50 mL). After one night reaction the crude mixture 
was filtered, the solvent was evaporated and the crude product was purified by a silica 
column (eluent: methanol/chloroform (1:9). Yield: 33% compound A, 21% compound B. 
 
Characterization 
A 
1H-NMR, 400 MHz, CDCl3, δ ppm: 
6.92 (d, 1 H, J = 1.51 Hz, H1), 
6.82 (d, 1 H, J = 1.51 Hz, H2), 
3.83 (t, 2 H, J = 7.29 Hz, H4), 2,39 
(s, 3 H, H3), 1,77-1.67 (m, 2 H, H5), 1,36-1.29 (m, 6 H, H6, 7, 8), 0.91 (t, 3 H, J= 6.51 Hz, 
H9). 
 
B 
1H-NMR, 400 MHz, CDCl3, δ ppm: 6.90 (d, 1 H, J = 1.33 Hz, H1), 6.80 (d, 1 H, J = 1.33 
Hz, H2), 3.80 (t, 2  H, J = 7.21 Hz, H10), 2.37 (s, 3  H, H3), 1.72 (dd, 2  H, J = 7.29, 14.36 
Hz, H11), 1.34-1.23 (m, 18 H, H12-14), 0.88 (t, 3 H, J = 6.89 Hz, H15).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. NMR assignment 
!
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Synthesis of ionic precursors 1a-d (Scheme S2) 
 
 
Scheme S2. Synthesis of precursors 1−3. Key (i): General conditions: neat, room 
temperature, 7−14 days. Further conditions and yields are detailed in Table S1. 
 
Table S1. Reaction conditionsa and yieldsb for the precursor synthesis (see Scheme 2). 
aReaction conditions: neat (no solvent) typically 1 mL imidazole scale, room temperature, 
Ar atmosphere; bYields determined from 1H NMR spectra of the reaction mixture; cAddition 
of 0.5 mL acetic acid; dReaction at T = 35 °C; eProduct precipitated from the reaction 
mixture as a white solid. fn.d. = not determined. 
Entry R R’ 
Molar reactant ratios 
Product 
Time 
/ 
days 
Yield 
/ % 
imidazol Thiirane Anhydride 
1 
2 
3c 
4d 
5d 
6 
7 
8 
9 
10 
11 
12 
13 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH2CH3 
(CH2)3CH3 
C(CH3)3 
CF3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
CH3 
(CH2)5CH3 
(CH2)11CH3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
1a 
1a 
1a 
1a 
1a 
1a 
1a 
1b 
1c 
1d 
1e 
2a 
3a 
1 
7 
7 
1 
7 
7 
14 
14 
14 
14 
14 
14 
14 
10 
58 
0 
35 
38 
64 
81 
60 
56 
30e 
n.d.f 
77 
48 
NN S+ NN
S R
O
O
O
R
+
R
O
O R
OR' R'i
1−3
1a
1b
1c
1d
1e
2a
3aa
anion
R = CH3
R = CH2CH3
R = (CH2)3CH3
R = C(CH3)3
R = CF3
R = CH3
R = CH3
Im-substituent
R' = CH3
R' = CH3
R' = CH3
R' = CH3
R' = CH3
R' = (CH2)5CH3
R' = (CH2)11CH3
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General procedure for the synthesis of 1a-d: A mixture of 1,2-dimethylimidazole 
(10 mmol), thiirane and the anhydride (50 mmol) were stirred without solvent at the 
indicated conditions (Table S1). The crude product was dissolved in dichloromethane 
(10 mL) and precipitated in diethyl ether (200 mL). The mixture was centrifuged and the 
ether layer was removed. The product was re-precipitated twice and subsequently dried 
in vacuum. Yields are given in Table S1.  
 
Characterization 
1a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 
7.47 (d, 1 H, J = 2.1 Hz, H1), 7.34 (d, 1 
H, J = 2.0 Hz, H2), 4.40 (t, 2 H, J = 6.9 
Hz, H5), 3.88 (s, 3 H, H4), 3.28 (t, 2 H, 
J = 6.9 Hz, H6), 2.78 (s, 3 H, H3), 2.33 
(s, 3 H, H7), 1.97 (s, 6 H, H15). 13C-
NMR, 75 MHz, CDCl3: 195.29 (h), 
175.78 (i), 144.58 (c), 122.45 (a), 121.84 (b), 47.90 (f), 35.46 (e), 30.50 (g), 28.23 (j), 
22.39 (s), 9.90 (d). HRMS for C9H15N2OS: Calcd: 199.09051. Found: 199.09157. 
 
1b 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.64 (d, 1 H, J = 2.0 Hz, H1), 7.55 (d, 1 H, J = 2.0 Hz, 
H2), 4.41 (t, 2 H, J = 6.9 Hz, H5), 3.91 (s, 3 H, H4), 3.29 (t, 2 H, J = 6.9 Hz, H6), 2.78 (s, 3 
H, H3), 2.57 (q, 2 H, J = 7.5 Hz, H8), 2.23 (q, 4 H, J = 7.6 Hz, H16), 1.14 (t, 3 H, J = 7.5 
Hz, H9), 1.06 (t, 6 H, J = 7.6 Hz, H17). 13C-NMR, 75 MHz, CDCl3: 199.47 (h), 178.80 (i), 
144.10 (c), 122.46 (a), 121.80 (b), 47.56 (f), 37.07 (k), 35.15 (e), 29.95 (g), 29.25 (t), 9.95 
(d), 9.55 (l), 9.19 (u). HRMS for C10H17N2OS: Calcd: 213.10616. Found: 213.10746. 
 
1c 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.61 (d, 1 H, J=2.1 Hz, H1), 7.52 (d, 1 H, J=2.1 Hz, 
H2), 4.31 (t, 2 H, J=6.9 Hz, H5), 3.28 (t ,2 H, J=6.9 Hz, H6), 3.26 (s, 3 H, H4), 2.77 (s, 3 H, 
H3), 2.54 (t, 2 H, J=7.4 Hz, H10), 2.21 (t, 4 H, J=7.9 Hz, H18), 1.61-1.57 (m, 2 H, H11), 
1.58-1.52 (m, 4 H, H19), 1.37-1.31 (m, 2 H, H12), 1.35-1.29 (m, 4 H, H20), 0.91 (t, 3 H, 
J=7.4 Hz, H13), 0.89 (t, 6 H, J=7.5 Hz, H21). 13C-NMR, 75 MHz, CDCl3, δ ppm: 198.94 (h), 
178.30 (i), 144.29 (c), 122.63 (a), 121.97 (b), 47.74 (f), 43.58 (m), 36.18 (e), 36.16 (v), 
28.03 (g), 28.00 (n), 27.33 (w), 22.52 (o), 21.89 (x), 13.84 (p), 13.71 (y), 9.75 (d). HRMS 
for C12H21N2OS: Calcd: 241.13746. Found: 241.13846. 
 
Figure S2. NMR assignment 
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1d 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.48 (d, 1 H, J = 2.1 Hz, H1), 7.44 (d, 1 H, J = 2.1 Hz, 
H2), 4.39 (t, 2 H, J = 6.9 Hz, H5), 3.80 (s, 3 H, H4), 3.28 (t, 2 H, J = 6.9 Hz, H6), 2.71 (s, 3 
H, H3), 1.18 (s, 9 H, H14), 1.14 (s, 18 H, H22). 13C-NMR, 75 MHz, CDCl3: 205.57 (h), 
180.18 (i), 145.25 (c), 122.48 (a), 122.00 (b), 47.23 (f), 46.35 (q), 38.43 (z), 35.19 (e), 
28.28 (g), 27.62 (r), ), 27.21 (aa), 9.55 (d). HRMS for C12H21N2OS: Calcd: 241.13746. 
Found: 241.13756. 
 
General procedure for the synthesis of 2a and 3a: A mixture of imidazole A or B 
(10 mmol), thiirane (10 mmol) and acetic anhydride (50 mmol) was stirred for 14 days at 
25 0C. The crude product was dissolved in dichloromethane (10 mL) and precipitated in 
diethyl ether (200 mL). The mixture was centrifuged and the ether layer was removed. 
The product was re-precipitated twice and subsequently dried in vacuum. Yields: 2a 77% 
of a brown liquid, 3a 48% of a yellow liquid. 
 
Characterization 
 
2a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.70 (d, 1 H, J = 2.1 Hz, H1), 7.28 (d, 1 H, J = 2.0 Hz, 
H2), 4.48 (t, 2 H, J = 6.64 Hz, H4), 4.09 (t, 2 H, J = 6.64 Hz, H8), 3.30 (t, 2 H, J = 6.64 Hz, 
H5), 2,77 (s, 3 H, H3), 2.29 (s, 3 H, H6), 1.96 (s, 3 H, H7), 1.80 (dd, 2 H, J = 5.48, 8.88 Hz, 
H9), 1.32 (m, 6 H, H10, 11, 12), 0.89 (t, 3 H, J = 6.9 Hz, H13). 13C-NMR, 75 MHz, CDCl3: 
195.23 (g), 176.66 (i), 143.76 (c), 122.50 (a), 120.85 (b), 48.40 (e), 47.68 (k), 31.04 (n), 
30.17 (f), 29.39 (l), 28.18 (h), 25.73 (m), 23.16 (o), 22.26 (j), 13.79 (p), 9.60 (d). HRMS 
for C14H25N2OS: Calcd: 269.17213. Found: 269.17069 
 
3a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.47 (d, 1 H, J = 2.1 Hz, H1), 7.23 (d, 1 H, J = 2.17Hz, 
H2), 4.30 (t, 2 H, J = 6.64 Hz, H4), 3.98 (t, 2 H, J = 6.64 Hz, H14), 3.16 (t, 2 H, J = 6.64 Hz, 
H5), 2.63 (s, 3 H, H3), 2.16 (s,3 H, H6), 1.83 (s, 6 H, H7), 1,66 (t, 2 H, J = 4.51 Hz, H15), 
1.16 (m, 18 H, H16-24), 0.74 (t, 3 H, J = 6.88 Hz, H25).13C-NMR, 75 MHz, CDCl3: 195.02 
(g), 175.52 (i), 143.65 (c), 122.51 (a), 120.88 (b), 48.53 (e), 47.73 (q), 31.66 (z), 30.20 
(f), 29.45(r), 29.23-28.92 (t-y), 28.10 (h), 26.10 (s), 22.62 (aa), 22.45 (j), 13.90 (ab), 9.66 
(d). HRMS for C20H37N2OS: Calcd: 353.26266. Found: 353.26360. 
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4.5.3 Hydrogenolysis: Synthesis of ILs 4d and 4a (Scheme S3) 
!
 
Scheme S3. Thioester hydrogenolysis towards conventional with carboxylate counter ions. 
Key: (i) H2, RCO2H-activated Raney Ni, EtO H, room temperature, 1–16 h,; (ii) AcOH 
(excess) and precipitation. !
Synthesis of 1,2-dimethyl-3-ethyl-imidazolium pivalate (4d). Prior to 
hydrogenolysis, the Raney nickel catalyst was treated: 1 gram of the catalyst was stirred 
for 15 min in a 0.1 M aqueous pivalic acid solution (100 mL). The catalyst was filtered off 
and washed with MilliQ water (100 mL, 5×) and ethanol (200 mL 5×). Compound 1d (0.5 
mmol) was dissolved in ethanol (50 mL) and a large excess of treated Raney nickel 
catalyst was added. The reaction mixture was stirred overnight under hydrogen 
atmosphere. The catalyst was filtered off, washed with ethanol (20 mL, 3×) and the 
filtrate was evaporated to dryness. The crude product was dissolved in methanol (10 mL) 
and precipitated in diethyl ether (200 mL). The product was re-precipitated twice and 
subsequently dried in vacuum, yielding 4d as a white solid in 92% yield. 
 
Synthesis of 1,2-dimethyl-3-ethyl-imidazolium acetate (4a). Compound 4d (0.4 
mmol) was dissolved in methanol (10 mL). A large excess of acetic acid  (8 mmol) was 
added. After 10 minutes stirring, the solvent was evaporated. This step was repeated 
twice. The final compound was dried under vacuum overnight, yielding 4a in 98% yield 
as a transparent colorless liquid. 
 
Characterization 
 
4d 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.51 
(d, 1 H, J = 2.1 Hz, H1), 7.45 (d, 1 H, J = 
2.1 Hz, H2), 4.17 (q, 2 H, J = 7.3 Hz, H5), 
3.79 (s, 3 H, H4), 2.59 (s, 3 H, H3), 1.43 (t, 3 H, J = 7.3 Hz, H6), 1.15 (s, 9 H, H7). 13C-
NMR, 75 MHz, methanol-d4: 186.13 (h), 144.16 (c), 122.17 (a), 120.03 (b), 43.06 (i), 
Figure S4. NMR assignment 
!
Chapter 4: A facile route to hydrophilic ionic liquids 
 
108 
39.43 (f), 33.78 (e), 27.47 (j), 13.67 (g), 7.87 (d). HRMS for C7H13N2: Calcd: 125.10787. 
Found: 125.10985. 
 
4a 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.50 (d, 1 H, J = 2.1 Hz, H1), 7.44 (d, 1 H, J = 2.1 Hz, 
H2), 4.16 (q, 2 H, J =7.3 Hz, H5), 3.79 (s, 3 H, H4), 2.59 (s, 3 H, H3), 1,9 (s, 3 H, H8), 1.43 
(t, 3 H, J = 7.3Hz, H6), 13C-NMR, 75 MHz, metanol-d4: 176.40 (h), 144.13 (c), 122.16 (a), 
120.02 (b), 43.06 (f), 33.92 (e), 23.86 (k), 13.54 (g), 7.92 (d). HRMS for C7H13N2: Calcd: 
125.10787. Found: 125.10942. 
4.5.4 Ammonolysis: Synthesis of TSIL 5a (Scheme S4) 
 
 
Scheme S4. Precursor hydrolysis. Key: (i) aq. NH3, room temperature, 30 min, quantitative. !
Synthesis of 1,2-dimethyl-3-ethyl-imidazolium pivalate (5a). Compound 1a (10 
mmol) was dissolved in a 2M ammonia (100 mL) and stirred in an inert atmosphere. After 
30 minutes the solution was evaporated to dryness. Additional water was removed by the 
addition and evaporation of toluene (200 mL, 3×) and the product was subsequently 
dried in vacuum to yield a brown liquid in a >98 % conversion. 
 
5a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.49 (d, 1 H, J 
= 2.1Hz, H1), 7.46 (d, 1 H, J = 2.1Hz, H2), 4.45 (t, 
2 H, J = 6.5 Hz, H5), 3.78 (s, 3 H, H4), 3.15 (t, 2 H, 
J = 6.5 Hz, H6), 2.60 (s, 3 H, H3), 1.85 (s, 6 H, H8). 
13C-NMR, 75 MHz, DMSO-d6: 176.70 (h), 144.93 
(c), 122.39 (a), 121.09 (b), 49,98 (f), 35.71 (e), 34.04 (g), 21.35 (i), 8.38 (d). HRMS for 
C7H13N2S: Calcd: 157.07994. Found: 157.08164. 
 
 
Figure S5. NMR assignment 
!
Chapter 4: A facile route to hydrophilic ionic liquids 
 
109 
4.5.5 Michael addition procedure and ion exchange: Synthesis of 
thioethers 6-8 (Scheme S5) 
 
 
Scheme S5. Key: (i) NEt3, aq. MeO H, Michael acceptor (acrylonitrile, ethyl acrylate or 
penten-3-one), room temperature, 5 days; (ii) NEt3, EtOH/H2O (4:1), acrylonitrile, reflux, 5 d; 
(a) HA (excess), MeO H, room temperature, 5 min; (b) evaporation of the volatiles (and 
optionally a precipitation procedure). 
 
General procedure for the synthesis of compound 6a, 6b, 6c, 6e, 6f and 6g 
(route i). A mixture of 1a (1 mmol) triethylamine (10 mmol) and acrylonitrile (5 mmol) in 
ethanol (100 mL) was stirred for 5 days at room temperature and afterwards dried in 
vacuum. Analogous to 1a, the crude product was dissolved in dichloromethane (10 mL) 
and precipitated in diethyl ether (200 mL) three times. The final product was dried in 
vacuum at 50 °C to yield a brown liquid in 90% yield. Ion exchange (route a and b): To 
a stirred solution of 5a (10 mmol) in methanol (10 mL), an excess of the corresponded 
acid was added and stirred for 10 minutes. After addition, the reaction mixture was dried 
in vacuum to remove the acetic acid. This step was repeated 2 times. The crude product 
was precipitated three times from dichloromethane (10 mL) into diethyl ether (200 mL), 
and extensively dried in vacuum at 35 °C to yield a brown liquid in ∼90% yield (6b: 92%; 
6c: 86%; 6e: 97%; 6f: 87% and 6g: 92%). 
 
Synthesis of compound 6d (route ii). A mixture of 1d (1 mmol) triethylamine (10 mmol) 
and acrylonitrile (5 mmol) in a mixture ethanol/H2O (8:2) (100 mL) was stirred under 
reflux for 7 and afterwards and dried in vacuum. The crude product was dissolved in 
dichloromethane (10 mL) and precipitated in diethyl ether (200 mL). The product was re-
precipitated twice. The final product was dried in vacuum at 50 °C to yield a slightly 
yellow liquid in 87% yield. 
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Characterization 
 
6a 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.92 (d, 1 H, J 
= 2.1 Hz, H1), 7.44 (d, 1 H, J = 2.1 Hz, H2), 4.49 
(t, 2 H, J = 6.5 Hz, H5), 3.86 (s, 3 H, H4), 3.17 (t, 2 
H, J=  6.5 Hz, H6), 2.84 (t, 2 H, J = 6.4 Hz, H7), 
2.72 (t, 2 H, J = 6.5 Hz, H8), 2.63 (s, 3 H, H3), 
1.94 (s, 6 H, H9). 13C-NMR, 77 MHz, CDCl3, δ 
ppm: 176.15 (k), 144.42 (c), 122.70 (a), 122.29 
(b), 118.77 (j), 48.10 (f), 35.45 (e), 31.62 (g), 
27.79 (h), 23.60 (l), 18.99 (i), 10.23 (d). HRMS for 
C10H16N3S: Calcd: 210.10649. Found: 210.10688. 
 
6b 
1H-NMR, 400 MHz, CDCl3, δ ppm: 8.25 (d, 1 H, J = 2.1 Hz, H1), 7.29 (d, 1 H, J = 2.0 Hz, 
H2), 4.57 (t, 2 H, J = 6.3 Hz, H5), 3.86 (s, 3 H, H4), 3.10 (t, 2 H, J = 6.3 Hz, H6), 2.88-2.80 
(m, 2 H, H7), 2.80-2.71 (m, 2 H, H8), 2.68 (s, 3 H, H3), 2.24 (q, 2 H, J = 7.6 Hz, H10), 1.09 
(t, 3 H, J = 7.6 Hz, H11). 13C-NMR, 75 MHz, CDCl3, δ ppm: 178.83 (k), 145.38 (c), 122.96 
(a), 121.40 (b), 120.76 (j), 47.73 (f), 35.21 (e), 31.65 (g), 31.25 (m), 27.37 (h), 18.85 (i), 
10.72 (n), 9.67 (d). HRMS for C10H16N3S: Calcd: 210.10649. Found: 210.10685. 
 
6c 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.55 (d, 1 H, J = 2.1 Hz, H1), 7.49 (d, 1 H, J = 2.0 Hz, 
H2), 4.37(t, 2 H, J = 6.3 Hz, H5), 3.81 (s, 3 H, H4), 3.07 (t, 2 H, J = 6.3 Hz, H6), 2.86-2.78 
(m, 2 H, H7), 2.78-2.70 (m, 2 H, H8), 2.65 (s, 3 H, H3), 2.17 (t, 2 H, J = 7.6 Hz, H12), 1,56-
1.109 (m, 4 H, H13, H14) 0.91 (t, 3 H, J = 7.6 Hz, H15). 13C-NMR, 75 MHz, DMSO-d6, δ 
ppm: 178.38 (k), 145.38 (c), 122.96 (a), 121.40 (b), 120.76 (j), 47.73 (f), 35.21 (e), 31.65 
(g), 31.25 (o), 27.37 (h), 26.31 (p), 20.29 (q), 18.85 (i), 10.72 (r), 9.67 (d).  HRMS for 
C10H16N3S: Calcd: 210.10649. Found: 210.10692. 
 
6d 
1H-NMR, 400 MHz, DMSO-d6, δ ppm: 7.58 (d, 1 H, J = 2.1 Hz, H1), 7.50 (d, 1 H, J = 2.1 
Hz, H2), 4.38 (t, 2 H, J = 6.5 Hz, H5), 3.82 (s, 3 H, H4), 3.07 (t, 2 H, J = 6.6 Hz, H6), 2.86-
2.78 (m, 2 H, H7), 2.78-2.72 (m, 2 H, H8), 2.65 (s, 3 H, H3), 1.11 (s, 9 H, H16). 13C-NMR, 
75 MHz, DMSO-d6, δ ppm: 180.19 (k), 145.00 (c), 122.67 (a), 121.63 (b), 120.10 (j), 
Figure S5. NMR assignment 
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47.14 (f), 35.08 (s), 30.66 (e), 30.01 (g), 26.64 (h), 25.75 (t), 18.42 (i), 9.71 (d). HRMS for 
C10H16N3S: Calcd: 210.10649. Found: 210.10694 . 
 
6e 
1H-NMR, 500 MHz, CD3OD, δ ppm: 7.60 (d, 1 H, J = 2.0 Hz, H1), 7.52 (d, 1 H, J = 2.0 Hz, 
H2), 5.91 (t, 2 H, J= 54.6 Hz, H17), 4.41 (t, 2 H, J =6.5 Hz, H5), 3.85 (s, 3 H, H4), 3.11 (t , 2 
H, J =6.5 Hz, H6), 2.86 (t, 2 H, J = 6.1 Hz, H7), 2.79 (t, 2 H,  J = 6.1 Hz, H8), 2.69 (s, 3 H, 
H3).13C-NMR, 75 MHz, CD3OD, δ ppm: 169.91 (k), 146.55 (c), 128.64 (u), 123.89 (a), 
122.57 (b), 120.21 (j), 48.83 (f), 35.66 (e),  32.56 (g), 28.65 (h), 19.43 (i), 10.00 (d), 
HRMS for C10H16N3S: Calcd: 210.10649. Found: 210.10730. 
 
6f 
1H-NMR, 500 MHz, CD3OD, δ ppm: 7.58 (d, 1 H, J = 2.1 Hz, H1), 7.50 (d, 1 H, J = 2.1 Hz, 
H2), 4.39 (t, 2 H, J= 6.5 Hz, H5), 3.83 (s, 3 H, H4), 3.10 (t ,2 H, J = 6.6 Hz, H6), ), 2.84 (t, 2 
H, J = 6.5 Hz, H7), 2.76 (t, 2 H,  J = 6.5 Hz, H8), 2.67  (s, 3 H, H3). 13C-NMR, 75 MHz, 
CD3OD, δ ppm: 162.14 (k), 146.58 (c), 123.91 (a), 122.59 (b), 120.16 (j), 115.78 (v), 
48.86 (f), 35.66 (e), 32.61 (g), 28.69 (h), 19.45 (i), 10.00 (d). HRMS for C10H16N3S: Calcd: 
210.10649. Found: 210.10747. 
 
6g 
1H-NMR, 500 MHz, DMSO-d6, δ ppm: 7.42 (d, 1 H, J = 2.1 Hz, H1), 7.35 (d, 1 H, J = 2.1 
Hz, H2), 4.36 (t, 2 H, J = 6.5 Hz, H5), 3.77 (s, 3 H, H4), 3.08 (t , 2 H, J = 6.5 Hz, H6), 2.83 
(t, 2 H, J = 6.6 Hz, H7), 2.79 (t, 2 H,  J = 6.6 Hz, H8), 2.62 (s, 3 H, H3). 13C-NMR, 125 
MHz, DMSO-d6, δ ppm: 145.43 (c), 123.02 (a), 121.46 (b), 120.86 (j), 47.79 (f), 35.27 (e), 
31.66 (g), 27.42 (h), 18.89 (i), 9.70 (d). HRMS for C10H16N3S: Calcd: 210.10649. Found: 
210.10689. 
 
General procedure for the synthesis of compounds 7a and 8a. A mixture of 1a (1 
mmol) triethylamine (10 mmol) and (5 mmol) of ethyl acrylate (for 7a) or petene-3-one 
(for 8a), in ethanol (100 mL) was stirred for 5 days at room temperature and afterwards 
dried in vacuum. Analogous to 1a, the crude product was dissolved in dichloromethane 
(10 mL) and precipitated in diethyl ether (200 mL) three times. The final product was 
dried in vacuum at 50 °C. The conversions are quantitative and the isolated yields are 
given below. The products were obtained as brown liquids. 
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Characterization 
 
7a 
Yield: 92%. 1H-NMR, 400 MHz, CDCl3, δ ppm: 7.59 
(d, 1 H, J = 2.1 Hz, H1), 7.44 (d, 1 H, J = 2.1Hz, H2), 
4.33 (t, 2 H, J = 6.4 Hz, H5), 4.01 (q, 2 H, J = 7.1 
H10), 3.78 (s, 3 H, H4), 2.90 (t, 2 H, J = 6.3 Hz, H6), 
2.64 (dd, 2 H, J = 3.41, 10.39 Hz, H7), 2.46 (t, 2 H,  
J = 6.8 Hz, H8), 2.61 (s, 3 H, H3), 1.8 (s, 6 H, H9), 
1.20 (dd,3 H, J = (4.7, 9.6) Hz, H11). 13C-NMR, 75 
MHz, CDCl3, δ ppm: 176.80 (k), 171.91 (j), 144.34 (c), 122.76 (a), 121.25 (b), 61.3 (m), 
47.58 (f), 35.41 (i), 34.45 (e), 31.82 (g), 26.84 (h), 23.45 (l), 14.04 (n), 9.69 (d). HRMS for 
C12H21N2O2S: Calcd: 257.13237. Found: 257.13188. 
 
8a 
Yield: 89%. 1H-NMR, 400 MHz, CDCl3, δ ppm: 7.51 (d, 1 H, J = 2.1 Hz, H1), 7.37 (d, 1 H, 
J = 2.0 Hz, H2), 4.23 (t, 2 H, J = 6.4 Hz, H5), 3.71 (s, 3 H, H4), 2.79 (t, 2 H, J = 6.4 Hz, 
H6), 2.53 (s, 3 H, H3), 2.56-2.46 (m, 4 H, H7 and H8), 2.24 (q, 2 H, J = 7.31 Hz, H12), 
1.8(s, 6 H, H9), 0.82 (t, 3 H, J =, H13). 13C-NMR, 75 MHz, CDCl3, δ ppm: 198.17 (j), 
176.94 (k), 144.18(c), 122.62 (a), 122.29(b), 47.84(f), 35.45 (o), 34.39 (e), 32.01 (h), 
26.95 (i), 23.84 (l), 14.00 (p), 9.91 (d). HRMS for C12H21N2OS: Calcd: 241.13746. Found: 
241.13843. 
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5.1 Introduction 
As previously discussed in Chapters 2 and 3 of this thesis, ionic liquid crystals 
(ILCs) merge the classes of liquid crystals and ionic liquids. ILCs offer the 
advantages of ILs with the benefit of anisotropy. Suggested applications of such 
materials are electrochemical solvents, solar cells, etc.1-4 More examples are 
given in Chapter 2. 
The majority of the current generation of ionic liquid crystals (ILCs) is based on 
mesogens with relatively small cationic cores (such as imidazolium, pyridinium, 
guanadinium) equipped with flexible (aliphatic) tails.5,6 Their practical application 
requires the optimization of specific physical properties, for instance room 
temperature mesophases, low viscosity and/or sufficient birefringence (Chapter 
3). The use of the well-established mesogen toolbox (manipulating core size, tail 
nature, number and length, substituents, etc.) is not always sufficient to obtain 
the desired properties in ILCs.7 An additional tool to efficiently modify the phase 
behavior is provided by the counter ion. This was clearly illustrated by recent 
studies on the dimensional effects of anions (and cations), which showed that one 
should consider ILCs to be composed of “congruent” ion pairs rather than 
studying them independently.8,9 Older work studied the anion mostly independent 
from the mesogenic cation. The work highlights the tremendous effect that the 
anion has on the physical properties of the material.5,6,10-14 Many of these studies 
discuss the positive impact of charge delocalization of anions on the physical 
properties of ILCs. For instance, anions of ionic liquids and ionic liquid crystals 
are often fluorinated, with the result that the negative charge is delocalized over a 
larger volume. In the case of ILCs, this reduces both the melting and the clearing 
temperatures. A recurring complication in this field is that the commonly short 
anion series in these studies often vary in charge delocalization, but also in size, 
shape or steric effects, resulting in a complex combined effect. Despite the large 
body of work that addresses the anion, the question of which of the parameters is 
dominating the anion effect, so far, remains largely unanswered.  
 
In this chapter we propose a new approach to independently study the effects 
previously mentioned. To do this, one needs an anion that is readily functionalized 
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with different groups that indeed vary in size, shape and electronic properties. An 
excellent basis for such series is the class of carboxylates; a wide range of them is 
even commercially available. Carboxylates, however, are much more hydrophilic 
than the popular BF4─, PF6─ and NTf2─ anions. As a result, they cannot be obtained 
pure by a simple metathesis reaction, the method of choice of the default 
hydrophobic anions, but need to be prepared differently.15-17 We employ the 
thiirane-approach, previously discussed in Chapter 4, which allows the synthesis 
of imidazolium-based ionic liquids and ionic liquid crystals without the problem of 
potential (anionic) impurities that are connected to the metathesis reaction 
approaches.18 The subsequent carboxylate exchange step yields pure products in 
high yields. 
 
In this work, we synthesized ILCs composed of a cation with six different 
acetate anions. The acetates are substituted with different halogens (Figure 1, 
compounds 1–6). The introduction of halogens keeps the shape of the anions 
roughly spherical, whilst the size and also the electron density distribution change. 
The method used in this chapter is generally applicable to other types of 
(carboxylate) anions, even with similar pKa values or higher boiling points than the 
acetate anion. To demonstrate it, we prepared an ILC with a butyrate anion 7, 
which has a different shape and size compared to the other compounds of the 
series (compounds 1-6). Compound 7 is also represented in Figure 1.  
 
As a cationic moiety, we selected a simple imidazolium salt with one long 
aliphatic tail to force the formation of a smectic mesophase. In order to study the 
relation structure-properties of the anion to the phase stability, the mesomorphic 
properties of compounds 1-7 were analyzed by polarized optical microscopy 
(POM) and differential scanning calorimetry (DSC). 
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Fig 1. Series of imidazolium-based ILCs with carboxylate anions (compounds 1-7). 
Compounds 1-6 the charge of charge delocalization in combination with size effects is 
systematically studied. Compound 7, with an intermediate volume between compound 
4 and 5 will be included in a modeling study based on the size effect of the anion. 
 
5.2 Results and discussion 
 
Synthesis. The synthesis of imidazolium carboxylates 1–7 is outlined in Scheme 1. 
Using an alkyl tosylate to generate the N-substituted imidazole B avoids all possible 
contamination sources of halides that can have a negative effect on ionic liquid (crystal) 
applications involving catalysis or enzymes. In addition, we use 2-methylimidazole as a 
starting material, to avoid stability issues that are associated to the labile proton on this 
position in imidazolium-based ILs and ILCs.16 A key step in the cation synthesis is the 
thiirane ring opening reaction by the alkyl imidazole B in the presence of acetic anhydride 
(step ii).18 The reaction yields the carboxylate anion without the necessity for anion 
metathesis. Side products formed in this one-step reaction can be easily removed by 
simple precipitation yielding the highly pure ionic precursor C. Equivalent approaches to 
carboxylate anions use either strong bases16,17,19,20 of thermally demanding 
conditions.15,21,22 The acetylated thiol of C can either be hydrogenated (yielding an ethyl 
substituent) or further reacted with for instance Michael acceptors; here we used 
acrylonitrile as Michael acceptor. The use of a triethylamine-assisted in-situ acetyl 
hydrolysis in the Michael addition step gives a clean and nearly quantitative conversion 
to the desired product, again, without the chance of anion exchange. Acetate 1 was 
readily purified by recrystallization. The acetate anion of 1 allows for easy exchange with 
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a large number of anions simply using the corresponding (carboxylic) acids, provided 
that the acids have a lower pKa or a higher boiling temperature than acetic acid. In this 
work (step iv), we exchanged the acetate anion for aliphatic carboxylate anions from 
relatively low pKas acids (compounds 2-6). The acetate anion was also exchanged with 
butyrate acid (compound 7) characterized by similar pKa as acetic acid, but with a higher 
boiling point.  
 
 
Scheme 1. Synthesis of carboxylate ILCs 1–7. Key: (i) Cs2CO3, EtOH, DMF, reflux, 
overnight, yield 19 %; (ii) room temperature, 14 days, yield 40 %; (iii) NEt3, aq. 
MeOH, room temperature, 7 days, yield 90 %; (iv) RCO2H (excess), MeOH, room 
temperature, 5 min, yield ∼95%. 
!
Mesomorphic properties. The liquid crystalline properties of 1–7 were studied by 
polarized optical microscopy (POM) and differential scanning calorimetry (DSC). Besides 
the trifluoroacetate 3, all materials exhibited a smectic A (SmA) phase, which in many 
cases featured strong similarities. We will first show the general POM, and DSC results 
of 1–7 before discussing their differences introduced by the steric and electronic effects 
of the anions.  
Polarized optical microscopy. POM analysis of the ILCs showed for most samples a 
SmA phase between the (soft) crystal phase and the isotropic phase. Sample with 
hydrocarbon carboxylate nature and rod-like shape (ILC 7, Fig. 2a), showed grainy 
textures, indicative of small domains. On the other hand, the SmA phase observed for 
ILCs 1 and 2 was characterized by its typical focal conic defects in combination with 
extended homeotropically aligned domains (e.g. ILC 1, Fig. 2b). Fig. 2c shows the 
texture of 3, the only material in the entire series in which the room temperature (soft) 
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crystal phase was directly followed by an isotropic phase. Also, fast-cooling experiments 
did not indicate the presence of a monotropic mesophase. ILCs 4-6, containing anions 
with similar pKa values as 2 and 3, but different electronic and steric effects, showed 
remarkably large domains (e.g. ILC 5, Fig. 2c).  
 
 
Fig 2. Polarized optical microscopy images of (a) butyrate 7 at T = 60 °C (grainy SmA 
texture); (b) acetate 1 (R = CH3) at T = 50 °C (focal conic SmA texture); (c) 
trifluoroacetate 3 at T = 30 °C (Cr phase); and (d) trichloroacetate 5 at T = 60 °C 
(SmA phase with large domain planar and homeotropically aligned domains). All 
images were recorded with the samples between crossed polarizers.  
 
Differential scanning calorimetry. The transition temperatures were analyzed using 
DSC experiments. The given temperatures are the local maxima of the endotherm of the 
ILCs. Three characteristic traces are shown in Fig. 3. Generally, the DSC traces show 
two transitions: a melting (Cr → SmA) and a clearing (SmA → isotropic) transition (ILC 
2). The exothermal showed the reverse transitions with only limited hysteresis effects. 
Furthermore, the traces did not show any (soft) crystal polymorphism at low 
temperatures as was earlier reported for ILCs. Acetate 1, compared to all other samples 
showed an unusually small SmA–I transition (marked by the arrow). As expected, the 
trifluoroacetate 3 only showed a single Cr–I transition. 
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Fig 3. DSC traces of ILCs 1, 2 and 3. All shown traces are second heating ramps, 
recorded with a heating rate of 5 °C/min. No thermal degradation was recorded for 
any material studied. ILCs 1 and 2 showed the SmA phase between the two 
transitions whilst ILC 3 does not exhibit a mesophase. For clarity the clearing points 
are marked with arrows. The colors of the compounds match those in Figures 4. 
!
Influence of charge delocalization in the counter ions; taking into account 
associated steric effects. In the synthesized series, we compare the properties of 
anions with different electron-withdrawing groups on the carboxylate. The introduction of 
the halogens inevitably also changes charge distribution and size. Fluorine atoms are 
dimensionally small and with a strong inductive effect. Going down in the periodic table, 
the other halogens are bulkier and have a smaller inductive effect. The extent of charge 
delocalization in the anions may be approached by the pKas of the corresponding acids, 
although one should consider that these values are commonly determined in dilute 
aqueous conditions and that in ionic liquids and ILCs the environment is much more 
hydrophobic. NB the pKa value of the carboxylic acids corresponding to ILC 1 is 4.7, 
whilst those of ILCs 2–6 are between 0.2-0.6.  
The thermal results are shown in Fig. 4. The melting temperature remains largely 
unaffected by the introduction of different halogen atoms and is largely dominated by the 
lengthy aliphatic tail on the cation. The clearing temperatures, however, are strongly 
influenced by anion stabilization. 
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Fig 4. (a,b) Phase behavior of ILCs 1-6: ILC imidazolium carboxylates with increasing 
steric and withdrawing effects. All samples showed a low temperature soft crystal 
phase (striped) below the SmA phase (solid) again showing similar melting 
temperatures (3 only has a Cr phase). The clearing temperature of 4 is higher than 
200 °C. The latent heat of 1 was too small to integrate reliably, that of 3 did not exist 
and of 4 could not be determined.  
!
The thermal results are shown in Fig. 4. The melting temperature remains 
largely unaffected by the introduction of different halogen atoms and is largely 
dominated by the lengthy aliphatic tail on the cation. The clearing temperatures, 
however, are strongly influenced by anion stabilization. Trifluoroacetate 3 behaves 
anomalously and is the only member of all three series that does not exhibit a 
mesophase. All other ILCs with halogen-containing anions show increased 
clearing temperatures compared to the internal standard acetate 1. The strongest 
phase stabilization is found for the ILCs 4 and 5 with chloride-containing anions, 
which have much higher clearing temperatures than the difluoroacetate 2. This 
indicates that, for this cation, the inductive effect definitely contributes, but is much 
stronger in larger anions, i.e. in combination with steric effects. This optimum is 
reached in chlorodifluoroacetate 4, which shows an increased clearing 
temperature of more than 150 °C compared to 1. 
 
In an attempt to take into account the steric effect of the different anions, we 
calculated their molecular geometries and plotted the mesomorphic properties of 
compound 1-7, as a function of the anion volume (Fig. 5) determined by molecular 
modelling.23 We included ILC 7 with negligible electronic effects and rod-like 
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shape for comparison. The latter anion has an intermediate volume in between 
compound 4 and 5; solely based on anion size, one would anticipate an 
intermediate mesomorphic behavior, but this excludes shape effects a priori. The 
plot clearly shows that ―for this cation― there is an optimum for phase 
stabilization as a function of anion size and charge delocalization. Both 2 (small 
with strong inductive effects) and 6 (large with smaller inductive effects) have 
much lower transition temperatures than the intermediate materials 4 and 5. Also, 
the SmA phase of 7 is much less stabilized as that of 4 or 5.  
 
 
 
 
 
 
 
 
 
 
Fig 5. Thermal properties of ILCs 1, 2 and 4–7: ILC 1 and 7 (blue bars) internal 
standard and ILC 2, 4-6 (pink bars) as a function of the volume of the anion. The 
compound numbers (Fig. 1) are given in the bars. NB. The clearing temperature of 
ILC 4 extends beyond 200 °C.  
!
5.3 Conclusions 
 
In summary, we presented a new method that allows for the introduction of a wide 
range of carboxylate anions in ionic liquid crystals. In the series prepared in this chapter, 
we introduced halogen-substituted acetic acids with low pKas, but also a simple butyric 
acid, which demonstrates the versatility of the approach. The large commercial 
availability of carboxylic acids ensures that this method is pre-eminently suitable to 
expand the portfolio of anions that can be included and to explore and dissect different 
effects of the anion (size, shape, etc.) on the mesophase behavior of ILCs. 
Our preliminary data in this direction already clearly shows that an optimum in phase 
stabilization is reached for anions of intermediate size and electron distribution. Although 
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this result is by no means readily explained, our results highlight that the effects of the 
anion on the mesophase stability is complex and requires much more investigation.  
 
5.4 Experimental section 
5.4.1 Instrumental 
 
1H and 13C NMR spectra were recorded on a Bruker AC-500 (500 MHz), Varian VXR-
400 (400 MHz) and a Bruker AC-300 (300 MHz) spectrometer. Spectra were recorded in 
CDCl3 or CD3OD. Chemical shifts are reported in ppm referenced against the residual 
solvent signal (CHD2OD at 3.31 ppm) at or internal references for CDCl3 (TMS, 0.0 ppm). 
High resolution mass spectroscopy measurements HRMS (EI); were performed on a 
JEOL Accu TOF-CS instrument in the positive mode using acetonitrile as solvent.  
Measurements in negative mode were carried out, however due to the nature of the 
counter-ions, no signal was observed. Optical polarized microscopy (OPM); was carried 
out on an Olympus BX60 microscope equipped with a Mettler FP82HT hot stage and 
digital camera using standard glass microscope slides. Differential scanning calorimetry 
(DSC) experiments were performed on a TA Instruments DSC Q100.   
5.4.2  Synthetic procedures 
5.4.2.1 Synthesis of reference ionic liquid crystal 1 (Scheme S1) 
 
Scheme S1: Synthesis of 3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-
methyl-1H-imidazolium acetate. 
 
Synthesis of ionic liquid crystal 1.  
 
i. A mixture of toluensulfonic anhydride (20 mmol), pyridine (50mmol) and the 1-
octadecanol (40mmol) was stirred in DCM (50 mL) at 0 °C and slowly heated to room 
temperature. After one night reaction, the DCM solution was precipitated in 200 mL 
pentane and filtered to remove the solids. The crude reaction mixture was re-precipitated 
twice from DCM in pentane and purified on a silica column (eluent: diethyl ether/pentane 
(1:9)). The resulting product contained traces of the p-toluenesulfonic anhydride. 
Compound A24,25, stearyl tosylate. Yield 88%. The characterization of A corresponds to 
that given in the references. 
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Key: (i) Pyridine, DCM, 0oC, overnight; (ii) ethanol, DMF, Cs2CO3, reflux, over night; (iii) 
Thiirane, acetic anhydride, neat, room temperature, 14 days; (iv) NEt3, aq. MeOH, 
acrylonitrile, room temperature, 10 days. 
 
ii. Stearyl tosilate (20 mmol), 2-methylimidazol (60 mmol), Cs2CO3 (60 mmol) and 
DMF (2 mL) were refluxed in ethanol (50 mL). After one night reaction the crude mixture 
was filtered, the solvent was evaporated and the crude product was purified by silica 
column (eluent: methanol/chloroform (1:9)). Compound B26, 1-stearyl-2-methyl-imidazole. 
Yield 19%. The characterization of B corresponds to that given in the reference. 
 
iii. A mixture of 1-stearyl -2-methyl- imidazole, thiirane (10 mmol) and acetic 
anhydride (50 mmol) were stirred without solvent at room temperature during 14 days. 
The crude product was dissolved in dichloromethane (10 mL) and precipitated in diethyl 
ether (200 mL). The mixture was centrifuged and the ether layer was removed. The 
product was precipitated three times and subsequently dried in vacuo. Compound C, 3-
[2-(Acetylsulfanyl)ethyl]-1,2-dimethyl-1H-imidazolium acetate. Yield 40%.  
 
 
i.  
ii.  
iii.  
 
 
 
 
Characterization compound C 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.51 (d, 1H, J = 2.1 Hz, H1), 7.33 (d, 1H, J = 2.17Hz, 
H2), 4.30 (t, 2H, J = 6.64 Hz, H4), 3.98 (t, 2H, J = 6.64 Hz, H8), 3.16 (t, 2H, J = 6.64 Hz, 
Figure S1. NMR assignment
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H5), 2.63 (s, 3H, H3), 2.26 (s,3H, H6), 1.83 (s, 6H, H7),       1,66 (t, 2H, J = 4.51 Hz, H9), 
1.16 (m, 18H, H10-24), 0.74 (t, 3H, J = 6.88 Hz, H25). 
 
iv. A mixture of compound C (1 mmol), triethylamine (10 mmol), acrylonitrile (5 
mmol) in ethanol (100 mL) was stirred for 10 days at room temperature and afterwards 
dried under vacuum. The crude product was dissolved in dichloromethane (10 mL) and 
precipitated in diethyl ether (200 mL) three times. The final product was dried under 
vacuum at 50 °C to yield a brown solid.  Compound 1 in 90%. 
 
Characterization compound 1: 
1 
1H-NMR, 400 MHz, CDCl3, δ ppm: 7.90 (d, 
1H, J = 2.14 Hz, H1), 7.28 (d, 1H, J = 2.10 
Hz, H2), 4.53 (t, 2H, J = 6.32 Hz, H4), 4.06 
(t, 2H, J = 7.1 Hz, H9), 3.18 (t, 2H, J = 6.32 
Hz, H5), 2.85 (dd, 2H, J = 3.48, 9.91 Hz, 
H6), 2.76-2.69 (m, 2H, H7), 2.72 (s, 3H, H3), 
1.96 (s, 3H, H8), 1.80 (dd, 2H, J = 4.48, 
11.78 Hz, H10), 1.38-1.19 (m, 30H, H11-25), 
0.88 (t, 3H, J = 6.86 Hz, H26). 13C-NMR, 75 
MHz, CDCl3: 175.52 (i), 143.65 (c), 122.51 
(b), 120.88 (a), 118.8 (i), (48.53 (e), 47.73 (l), 31.66 (aa),  30.20 (f), 29.45(m), 
29.23-28.92 (o-z), 28.10 (g), 26.10 (n), 22.62 (ab), 19.00 (h),  13.90 (ac), 9.66 (d).  
HRMS (ESI) m/z calcd for C27H50N3S+:  448.37254, found 448.37238. 
 
5.4.2.2 Synthesis of ionic liquid crystals 2-7 (Scheme S2) 
Scheme S2. Synthesis of ionic liquid crystals 2-7. General procedure. Ion 
exchange (iv): A stirred solution of 1 (10 mmol) and an excess of the corresponding acid 
was added and stirred in methanol (10 mL) for ten minutes. The reaction mixture was 
dried in vacuum to remove the acetic acid. To guarantee a completely anion exchange, 
this step is recommended to repeat a second time. The crude product was precipitated 
three times from dichloromethane (10 mL) into diethyl ether (200 mL), and extensively 
dried in vacuum at 80 °C to yield a brown solid. 
Figure S1. NMR assignment 
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Key: (iv) CHO2R (excess), Methanol, room temperature, 5 min; (b) evaporation of 
the volatiles (and optionally a precipitation procedure). 
 
Compound Name Yield 
2 3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-methyl-1H-imidazolium difluoroacetate 97% 
3 3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-methyl-1H-imidazolium trifluoroacetate 95% 
4 
3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-methyl-1H-imidazolium chlorodifluoro-
acetate 
95% 
5 3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-methyl-1H-imidazolium trichloroacetate 90% 
6 3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-methyl-1H-imidazolium tribromoacetate 88% 
7 3-{2-[(2-Cyanoethyl)sulfanyl]ethyl}-1-stearyl-2-methyl-1H-imidazolium butyrate 80% 
 
NNC18H37 S
O
O
CN
iv
HO R
O
NNC18H37 S
O R
O
CN
1
2    R = CHF2
3    R = CF3
4    R = CF2Cl
5    R = CCl3
6    R = CBr3
2−7
7    R = C3H7
Chapter 5: Ionic liquid crystals; dissecting the role of the counter ion 
130 !
Characterization 
 
2 
1H-NMR, 400 MHz, CD3OD, δ ppm: 
7.68 (d, 1H, J = 1.89 Hz, H1), 7.24 (d, 
1H, J = 1.99 Hz, H2), 5.80 (t, 1H, J = 
54.82 Hz, H26), 4.44 (t, 2H, J = 6.44 
Hz, H4), 4.06 (t, 2H, J= 6.8 Hz, H8), 
3.12 (t, 2H, J = 6.44 Hz, H5), 2.83 (t, 
2H, J = 6.54 Hz, H6), 2.73-2.65 (m, 
2H, H7), 2.70 (s, 3H, H3), 1.81 (dd, 2H, 
J = 4.48, 10.70 Hz, H9), 1.38-1.20 (m, 
30H, H10-24), 0.88 (t, 3H, J = 6.83 Hz, 
H25). 13C-NMR, 75 MHz, CDCl3, δ 
ppm: 170.21 (j), 146.63 (c), 128.73 
(ac), 122.57 (b), 121.00 (a), 120.10 (i), 
47.86 (e), 47.73 (k), 31.98 (f), 31.66 (z), 29.23-28.92 (n-y), 28.43 (g), 27.42(l), 26.10 (m), 
23.33, 22.62 (aa), 19.32 (h), 13.90 (ab), 10.00 (d). 
 
3 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.52 (d, 1H, J = 2.14 Hz, H1), 7.23 (d, 1H, J = 2.10 
Hz, H2), 4.38 (t, 2H, J = 6.43 Hz, H4), 4.05 (t, 2H, J= 7.1 Hz, H8), 3.08 (t, 2H, J = 6.43 Hz, 
H5), 2.81 (t, 2H, J = 6.54 Hz, H6), 2.70-2.62 (m, 2H, H7), 2.68 (s, 3H, H3), 1.80 (dd, 2H, J 
= 4.48, 10.70 Hz, H9), 1.38-1.16 (m, 30H, H10-24), 0.88 (t, 3H, J = 6.86 Hz, H25). 13C-NMR, 
75 MHz, CDCl3, δ ppm: 161.21 (j), 145.08 (c), 122.57 (b), 121.63 (a), 120.09 (i),115.78 
(ad), 47.26 (e), 47.73 (k), 31.66 (z), 30.11 (f), 29.23-28.92 (n-y), 28.10 (g), 27.42(l), 26.10 
(m), 23.33, 22.62 (aa), 18.87 (h), 13.90 (ab), 9.75 (d). 
 
4 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.85 (d, 1H, J = 2.14 Hz, H1), 7.23 (d, 1H, J = 2.10 
Hz, H2), 4.49 (t, 2H, J = 6.43 Hz, H4), 4.05 (t, 2H, J= 7.1 Hz, H8), 3.16 (t, 2H, J = 6.43 Hz, 
H5), 2.81 (t, 2H, J = 6.54 Hz, H6), 2.78-2.62 (m, 2H, H7), 2.73 (s, 3H, H3), 1.80 (dd, 2H, J 
= 4.48, 10.70 Hz, H9), 1.38-1.16 (m, 30H, H10-24), 0.88 (t, 3H, J = 6.86 Hz, H25). 13C-NMR, 
75 MHz, CDCl3, δ ppm: 170.01 (j), 145.08 (c), 134.43 (ae), 122.57 (b), 121.63 (a), 120.09 
(i), 47.26 (e), 47.73 (k), 31.66 (z), 30.11 (f), 29.23-28.92 (n-y), 28.10 (g), 27.42(l), 26.10 
(m), 23.33, 22.62 (aa), 18.87 (h), 13.90 (ab), 9.75 (d). 
FigureS2. NR assignment 
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5 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.52 (d, 1H, J = 2.14 Hz, H1), 7.23 (d, 1H, J = 2.10 
Hz, H2), 4.46 (t, 2H, J = 6.43 Hz, H4), 4.05 (t, 2H, J= 7.1 Hz, H8), 3.14 (t, 2H, J = 6.43 Hz, 
H5), 2.81 (t, 2H, J = 6.54 Hz, H6), 2.80-2.62 (m, 2H, H7), 2.68 (s, 3H, H3), 1.80 (dd, 2H, J 
= 4.48, 10.70 Hz, H9), 1.43-1.16 (m, 30H, H10-24), 0.88 (t, 3H, J = 6.86 Hz, H25). 13C-NMR, 
75 MHz, CDCl3, δ ppm: 162.8 (j), 145.08 (c), 122.57 (b), 121.63 (a), 120.09 (i), 87.12 
(af), 47.26 (e), 47.73 (k), 31.66 (z), 30.11 (f), 29.23-28.92 (n-y), 28.10 (g), 27.42(l), 26.10 
(m), 23.33, 22.62 (aa), 18.87 (h), 13.90 (ab), 9.75 (d). 
 
6 
1H-NMR, 400 MHz, CD3OD, δ ppm: 7.98 (d, 1H, J = 2.14 Hz, H1), 7.34 (d, 1H, J = 2.10 
Hz, H2), 4.48 (t, 2H, J = 6.43 Hz, H4), 4.15 (t, 2H, J= 7.1 Hz, H8), 3.28 (t, 2H, J = 6.43 Hz, 
H5), 2.81 (t, 2H, J = 6.54 Hz, H6), 2.83-2.62 (m, 2H, H7), 2.68 (s, 3H, H3), 1.80 (dd, 2H, J 
= 4.48, 10.70 Hz, H9), 1.38-1.16 (m, 30H, H10-24), 0.88 (t, 3H, J = 6.86 Hz, H25). 13C-NMR, 
75 MHz, CDCl3, δ ppm: 175.81 (j), 145.08 (c), 122.57 (b), 121.63 (a), 120.09 (i), 47.26 
(e), 47.73 (k), 31.66 (z), 30.11 (f), 30.03 (ag), 29.23-28.92 (n-y), 28.10 (g), 27.42(l), 26.10 
(m), 23.33, 22.62 (aa), 18.87 (h), 13.90 (ab), 9.75 (d). 
 
7 
1H-NMR, 400 MHz, CD3OD, δ ppm: 8.35 (d, 1H, J = 1.85 Hz, H1), 7.21 (d, 1H, J = 1.65 
Hz, H2), 4.67 (t, 2H, J = 6.19 Hz, H4), 4.09-4.01 (m, 2H, H8), 3.24 (t, 2H, J = 6.20 Hz, H5), 
2.86 (t, 2H, J = 6.42 Hz, H6), 2.80-2.73 (m, 2H, H7), 2.75 (s, 3H, H3), 2.17 (dd, 2H, J = 
7.58, 15.10 Hz, H27), 1.81 (dd, 2H, J = 4.48, 11.78 Hz, H9), 1.67-1.56 (m, 2H, H28), 1.40-
1.18 (m, 30H, H10-24), 0.90 (ddd, 6H, J = 6.71, 9.40, 13.34 Hz, H25 and H29). 13C-NMR, 75 
MHz, CDCl3: 178.65 (j), 143.65 (c), 122.51 (b), 120.88 (a), 118.8 (i), 48.53 (e), 47.73 (k), 
31.66 (z), 31.29 (ah), 30.20 (f), 29.45(l), 29.23-28.92 (n-y), 28.10 (g), 26.10 (m), 22.62 
(aa), 19.00 (h), 18.92 (ai), 13.90 (ab), 11.25 (aj), 9.66 (d). 
 
!
!
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5.4.3 Thermal characterization 
5.4.3.1 Differential scanning calorimetry 
!
ILC 
ΔH(Cr-smA) kJ 
mol-1 
ΔS(Cr-smA) J kmol-
1 
ΔH(SmA-Iso) kJ 
mol-1 
ΔS(SmA-Iso)  J 
kmol-1 
1 12.5 41.6 not detected   
2 37.1 124.1 2.4 7 
3 54.6 175.5  ─ ─  
4 19.1 60.8 not detected   
5 26 82.2 2.3 5.4 
6 31.3 101 3 8.5 
7 9.5 30.8 1.6 4.3 
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6.1 Introduction 
 
Self-assembly is an extremely useful bottom-up tool in the development of well-defined 
nanostructured materials.1-7 Although the nanometer-scale structure in self-assembled 
materials is commonly well-defined, a high degree of organization at device dimensions 
remains difficult to achieve and often require top-down techniques, which can overcome 
the random organization of the assemblies at these length scales. Liquid crystals (LCs) 
in combination with externally applied stimuli such as electric, magnetic or optical fields 
provide an excellent approach to direct such assembly process, in particular at higher 
length scales. 
 
Subsequent crosslinking of such structure affords permanent dimensional stability. 
The LC networks often display a highly anisotropic response that is often directly related 
to the applied stimulus.8-13 Three main classes of LC/polymer materials are typically 
distinguished: LC elastomers, networks and polymer-stabilized LCs (PSLC or also 
referred to as LC gels). 
 
LC elastomers and networks are bulk cross-linked LC polymers with low and high 
crosslink densities respectively. PSLCs or LC gels are composites and should rather be 
considered as oriented LC fluids with their long-range molecular orientation permanently 
held by a polymer network. 
 
Whilst LC elastomers are typically aligned with mechanical forces, macroscopic 
uniaxially oriented films of networks and gels are commonly obtained by other 
techniques such as surface alignment, external fields, polarized light, etc.14-19 
The different mechanical properties of the cross-linked materials directly define their 
typical fields of application, for instance actuation for the elastomers. Besides for 
displays, LC networks and gels may be used in a wide variety of other applications, 
ranging from as tunable filters sensors to actuators and photonics.6,20-25 In addition, 
PSLCs can be used to stabilize mesophases that are observed otherwise only over 
narrow temperature ranges, such as blue phases,26-28 which in turn can be used as a 
scaffold for (controlled) organization at the micron scale.28,29 
 
One of the main features of PSLCs is their high fluidity in the material as the liquid 
crystal bulk is free to move in the network pores. This fluidity can primarily be adjusted 
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with the crosslink density in the mixture, which can be readily set by the reactive 
mesogen concentration in the sample.8,30,31 Whilst in common LC devices the substrate 
plays a key role in the (macroscopic) alignment of the mesogens, in PSLCs, the network 
is the anchoring point of the LC molecules and dictates the bulk alignment in the 
material. The combination of dimensional stability and high mobility (i.e. low response 
times) makes these materials ideal for (bio)sensing applications,32 where it is able to 
sense and even amplify external stimuli.33,34 
 
Much of the PSLC work has been devoted to display applications wherein the 
macroscopic organization is readily set by interactions with (mechanically treated) 
substrates. For thicker PSLCs with (nematic) domain sizes much smaller than the film 
thickness, surface alignment techniques will not suffice and alternative external fields, 
such as electric or magnetic fields should be applied. In such systems, the macroscopic 
alignment, represented by the overall order parameter QT should be considered a 
convolution of the local order parameter QL and the domain order parameter QD. The 
former describes the strength of the local correlation among molecules within a given 
domain (roughly 10 µm length scale) and is largely dependent on temperature, but not on 
externally applied fields. The latter represents the sum of all individual domain 
contributions projected on a common axis and is determined by the external field 
applied.35  
 
In this chapter, we report on the order formation in PSLCs with a thickness, realistic 
for membrane applications (100 µm). In such films, indeed, surface alignment techniques 
pose a challenge and we used magnetic fields as external stimulus to achieve 
macroscopic alignment. We study the role of the polymerization conditions (temperature 
and magnetic field strength) on QT and thus on the birefringence Δn of the film. The 
outcome of the experiments gives directions on how to prepare such highly birefringent 
yet porous films, and yields the upper limit for the order parameter in these film and thus 
ultimately for the sensitivity of the final system when applied in sensor devices.  
 
6.2 Results and discussion 
 
Samples and sample preparation. As the host liquid crystal in this work, we used 
the well-studied liquid crystal 8CB.36,37 Although we carried out some preliminary 
experiments with the nematic mixture BL087, which has a much broader nematic phase 
range, we switched to 8CB as it displays an additional smectic phase at room 
Chapter 6: Maximizing orientational order in polymers-stabilized liquid crystals using high 
magnetic fields 
 138 
temperature next to the nematic phase at slightly elevated temperatures. The gel is 
composed of a liquid crystalline diacrylate crosslinker RM257, which is a strong 
(monotropic) nematogen exhibiting a monotropic mesophase, as well as a monoacrylate 
chain extender. For the latter we used the small non-mesogenic butyl acrylate (BA, 
Series A), the nematic reactive mesogen RM305 (Series B), or a combination of both 
(Series C). To initiate the polymerization reaction, we added a small amount of 
photoinitiator to the reaction mixture (Irgacure 901). For the sample preparation, all 
components were dissolved in dichloromethane, mixed and dried under vacuum. To 
avoid early polymerization, the sample preparation was carried out in the absence of 
light. The molecular structures of the different components in our mixtures are shown in 
Figure 1 and the composition of the samples and the polymerization conditions are 
summarized in Table 1.  
 
The experiments were conducted at different temperatures and magnetic fields. The 
temperature is an important factor to tune the (local) order parameter in the film and thus 
is expected to have a large impact on the properties of the film. We considered three 
different temperatures for mixture A: at room temperature (in the SmA phase) and two 
experiments in the nematic phase. The other mixtures were studied at similar, albeit not 
exactly the same temperatures.   
 
The samples in the magnetic field were sealed using epoxy glue (see cell preparation 
in SI) and were not readily opened for morphological studies afterwards. We carried out 
morphology studies on similar (surface aligned thin films) but found insufficient 
quantitative results to continue this line (details are given in Fig. S17); hence, we focused 
on the macroscopic optical properties using birefringence studies. 
 
The mesophase behavior of the different mixtures was investigated by optical 
polarized microscopy (OPM). In addition, the phase transitions were identified in the 
optical setup in the magnet (vide infra) as the high magnetic field present, is known to 
have a small influence on the transition temperatures (SI Table S2). As expected, the 
analysis showed the formation of a nematic (N) phase, between a room temperature 
smectic A (SmA) and an isotropic (I) phase. The phase transition temperatures resemble 
those of pure 8CB,38 although the presence of the crosslinker, monomer and initiator 
induce a small decrease in transition temperatures for the samples.37  
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Table 1. Mixture compositiona and polymerization conditions used in this 
study. 
Samples Mixture 
(Tpolym,Bpolym) 
Monomer Tpolym (°C) mesophasea,b Bpolym (T) 
A(23,20) BA 23 SmA 20 
A(28,20) BA 28 N 20 
A(32,20) BA 32 N 20 
A(28,2) BA 28 N 2 
A(32,2) BA 32 N 2 
B(25,20) RM305 25 SmA 20 
B(39,20) RM305 39 N 20 
C(26,20) BA +  RM305c 26 N 20 
a Mixture composition: Host liquid crystal 8CB (90%-wt), crosslinker RM257 (2%-
wt), monomer (butyl acrylate and/or RM305, 8%-wt) adding up to 100%. In 
addition, 2 wt-% Irgacure 901 initiator is added. b SmA = smectic A; N = nematic; I 
= isotropic. c BA-RM305 mixture in in a 1:1 wt-ratio. 
 
 
 
 
 
 
 
 
 
Figure 1. Molecular structure of the used compounds. 
 
PSLC formation. Each mixture was placed in a 100 µm thick glass cell without any 
surface treatment (dictating a random planar alignment), see SI for more detail. The 
samples were then placed in a tunable magnetic field (B = 0−20 T) at a controlled 
temperature. Magnetic field induced alignment of the molecules in the cell was probed 
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measuring the difference of the refractive index for light polarized parallel and 
perpendicular with respect to the magnetic field using a birefringence set-up (see SI). 
This set up allows us to follow birefringence and intensity at a single point in the sample 
during the entire experiment. An optical fiber placed inside the magnet provides the 
necessary UV-light to polymerize the mesogenic mixtures at the desired temperature and 
field. During the polymerization step, which approximately takes several seconds, the UV 
light source prevents direct monitoring of the experiment with the laser. Based on results 
obtained by the OPM experiments, we selected the thermal conditions to carry out the 
polymerization of each mixture. The change in temperature changes both the order 
parameter as well as the mesophase in our samples. In addition, we studied the 
influence of the magnetic field strength by preparing samples in high and low magnetic 
fields. For each sample, the experimental conditions are summarized in Table 1. 
 
 
 
Figure 2. Time trace of the experiment of A(23,20): Intensity (blue) and birefringence (Δn, 
green) as a function of temperature T (red) and magnetic field strength B (orange). The N‒I 
phase transitions (marked) are most clearly observed in the intensity trace due to strong 
scattering of the nematic-isotropic biphasic regime. This is much less distinct for the N-SmA 
transition, which is more easily characterized by a small jump in the birefringence (in the 
presence of the magnetic field). The polymerization reaction is marked ‘p’. !
As an illustration of the followed procedure, Figure 2 shows the time trace of a 
standard experiment in the magnetic field of sample A(23,20) (i.e. the sample from 
Series A polymerized at T = 23 °C and B = 20 T). In the top panel, the variables 
temperature T and magnetic field strength B are plotted against time t and in the bottom 
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panel the experimental quantities from the sample, the intensity I and the birefringence 
Δn are shown. At the start of the experiment (t = 0 s), a low birefringence was observed 
due to the formation of multi-domain structure. To break up the structure, the sample was 
heated to the isotropic phase (t ≈ 0–500 s). The transition temperature is easily 
recognized by looking at the total intensity from the sample. At the N–I phase transition, 
the intensity shows a sharp drop as a result of domain scattering. The stabilized high 
intensity indicates that the isotropic phase is reached. At this temperature (T = 45 °C) the 
magnetic field was ramped to 20 T and the sample was cooled in the presence of the 
magnetic field into the nematic phase (t ≈ 500–1000 s). Again the sharp drop in the 
intensity signal marks the phase transition (t ≈ 800 s), which now coincides with a 
sudden increase in the birefringence signal; the result of a mono-domain structure. The 
latter continuously increases upon cooling the sample to the polymerization temperature. 
Once the sample reached the desired temperature (23 °C, SmA phase in this sample) it 
was photopolymerized (marked p, t ≈ 1350 s) by UV light (λmax = 365 nm) and the PSLC 
A(23,20) was generated. Subsequently, the sample was cooled to room temperature and 
the magnetic field was ramped to 0 T.  
 
The experiment clearly shows that polymerization does not impact the birefringence 
significantly and thus the orientational order in the sample is retained. Moreover, cooling 
the sample after polymerization shows an increase in birefringence (see Fig. 2 beyond t 
≈ 1350 s and, much clearer, in Fig. 3, vide infra), indicating that the bulk of 8CB in the 
sample is still fluid. As the network is the anchoring point for LC alignment, the conditions 
of network generation (temperature, field) are expected to impact the final degree of 
orientational order present in the PSLC.  
 
We tested this hypothesis by polymerizing the same mixture at different temperatures 
(phases) and magnetic fields. We choose 8CB for this study, since its SmA phase at 
room temperature provides an additional increase in the orientational order parameter of 
the sample.36 Samples A(32,20) and A(28,20) were prepared analogously to sample 
A(23,20), but were polymerized at T = 32 and 28 °C (both in the N phase) respectively. 
The time traces of the experiments corresponding to these samples are given in the SI. 
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Fig. 3. Birefringence as a function of temperature for series A polymerized between T = 23–
32 °C and at B = 2–20 T. The polymerization point is indicated in the figure with an arrow 
labelled ‘p’. Note that the addition of monomer, crosslinker and initiator slightly decreased 
the nematic–isotropic transition temperature of 8CB.  !
Overall, the samples behave similarly; an increase in birefringence is observed for 
decreasing temperatures. Depending on the polymerization conditions (temperature and 
field) we found different absolute birefringence values before polymerization (in the 
presence of the field) and after polymerization (in the absence of the field). The 
birefringence data of the polymerized samples is summarized in Table 2.  
 
Samples A(32,20) and A(28,20) exhibit a nematic phase before polymerization. The 
significantly higher birefringence value for the sample A(28,20) is in line with a higher 
order parameter present after removing the field. This means that, indeed, the templating 
capability of the network strongly depends on the thermal conditions present during the 
polymerization process. The absolute values of the birefringence at room temperature 
are only slightly below the value measured for unpolymerized samples that are fully 
aligned in the high magnetic field. The addition of the isotropic monomer (butyl acrylate) 
and initiator reduces the birefringence of 8CB somewhat. Sample A(23,20) showed a 
smectic phase before polymerization, however, after polymerization the same 
birefringence values were obtained for sample A(28,20). To understand these results, 
the mesophase of sample A(23,20) before and after polymerization was characterized by 
X-ray diffraction studies (SI, Figs. S11-S13). At room temperature, the non-polymerized 
mixture showed sharp small angle reflections in combination with diffuse wide angle 
reflections, characteristic of a SmA layered phase. After polymerization, however, the 
sharp reflections were replaced by diffuse halos, pointing towards the formation of a 
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nematic phase. Polymerization, in our mixtures, distorts the SmA mesophase to such 
extent that a nematic phase is formed instead. This may well explain the similar Δn 
values obtained for samples A(28,20) and A(23,20) at room temperature, after 
polymerization. 
 
In addition, we carried out measurements at lower, more generally accessible 
magnetic fields. At room temperature and after removal of the magnetic field, sample 
A(28,2) showed a significantly lower birefringence compared to the corresponding 
A(28,20). By looking at the saturation curve of the monomeric mixture in the nematic 
phase (SI, Fig. S16), one sees that at approximately B = 5 T, the molecular alignment is 
optimal and that higher fields are not expected to further improve the templating capacity 
of the network. For many applications, however, fields of 2 T may be sufficient, provided 
that the polymerization takes place at a low enough temperature. The measurements 
carried out with series A highlight the importance of selecting the proper thermal (and 
magnetic) conditions for polymerization to achieve optimal optical properties for a PSLC 
materials.  
 
Figure 4. Birefringence results from series B before and after polymerization (at T = 39 and 
25 °C and at B = 20 T) as a function of the temperature present during the time trace of the 
experiment. The polymerization reaction is marked ‘p’. !
In the application of PSLC or LCG membranes, the pore size of the network is an 
important parameter.8,39-41 It is readily tuned by changing the concentrations of the 
monomer and/or cross-linker in the polymerization mixture or the polymerization 
conditions.31,37,40,42 We replaced the chain extender butyl acrylate by the reactive 
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mesogenic monomer RM305 (at same weight fraction, but at much lower mol fraction), 
yielding series B. The birefringence values of the polymerized samples B(39,20) and 
B(25,20) as a function of temperature are shown in Figure 4.  
 
Sample B(39,20), was polymerized at the I−N transition temperature and, 
consequently, the birefringence does not develop as efficient as for the samples 
polymerized low in the N or in the SmA phase. The Δn value measured at room 
temperature in the absence of the magnetic field is about half of that of sample B(25,20), 
which was polymerized in the smectic A phase.  The birefringence of this sample at room 
temperature without the field present compares well to the birefringence of the samples 
of series A.  
 
To mutually compare the effect of the composition of the polymer network component 
of the PSLC on the overall orientational order in the sample one additional sample was 
prepared: C(26,20) with the monomer in ratio 1:1 (w/w) of butyl acrylate and RM305. The 
birefringence profiles of this sample and the corresponding full butyl acrylate A(24,20) 
and the full RM305 B(23,20) samples are shown in Figure 5.  
 
Figure 5. Mutual comparison of the birefringence data of the samples in series A, B and C 
polymerized in the SmA phase and at high magnetic fields. Besides the differences in the 
birefringence, caused by the difference in the contribution of the monomer to the total 
birefringence, also a change in N−I transition temperature is clearly observed. The 
polymerization reaction is marked ‘p’. 
Depending on mixture composition, the samples show different clearing temperatures 
with a difference up to about a 5 °C between series A and B. As the only difference 
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between the samples is the monomer, this is attributed to the destabilizing effect of butyl 
acrylate on the nematic phase and the stabilizing effect of RM305, a strong nematogen. 
The difference in birefringence of the samples of the different compositions is mainly the 
result of the change in the N−I transition temperature TNI. Corrected for TNI, the curves 
nearly overlap (SI, Fig. S15). We observe that in such gels, the birefringence and thus 
the total order parameter, is determined mostly by the large fraction of the 8CB as well 
as the polymerization conditions. The composition of the network and its morphology 
resulting from this composition has, at least in our investigated mixtures, a limited effect. 
 
From the birefringence and thus the total order parameter QT measured in the set-up, 
the individual contributions of the domain QD and the local order parameter QL cannot be 
distinguished. Using the same samples prepared in the magnetic field, we performed 
qualitative optical microscopy studies to evaluate the macroscopic domain structure as 
well as more quantitative birefringence measurements to extract the domain order 
parameter QD. Microscopy studies of all samples that were polymerized below their 
clearing temperature showed well-developed mono-domain structures at room 
temperature (Figure 6a,b), indicating that QD approaches unity for these samples. Similar 
images were obtained for the other samples, besides for B(39,20), which was 
polymerized at the N‒I phase transition (Figure 6c,d). The microscopy images show that 
this sample displays no macroscopic alignment and therefore, a much lower QD can be 
anticipated.  
 
In a separate experiment, the birefringence of the samples was measured by rotating 
the samples between a crossed polarizer and analyzer and recording the transmission 
as a function of the azimuthal rotation angle α. In a multi-domain sample the 
transmission I/I0 will depend on sum of domain contributions: 
 
,     (1) 
 
where the term sin2(b) includes the temperature-dependent local order (within a domain) 
and molecular constants as well as sample thickness.35 
( ) ( )i
i
bII α2cossin 220 ∑=
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Fig. 6: Polarizing optical microscopy images of: (a,b) samples B(25,20) polymerized in the 
N phase close to the SmA phase and (c,d) B(39,20) (polymerized in the nematic phase 
close to the isotropic phase); all pictures were taken at room temperature. The direction of 
magnetic field B
!
 (pink) and the (crossed) polarizer and analyzer (white) are shown in the 
figure. The scale bar in each case is 25 µm. !
Field dependent retardation measurements, indeed, confirm that this term is does not 
depend on the magnetic field strength (SI, Fig. S14). A 100 micron thick nematic sample 
without macroscopic alignment will show a constant transmission, independent of α, 
because the different domains average the signal. From the angular dependence of the 
transmission, we calculate QD. Because of the fourfold symmetry of the axis, the 
azimuthal angle dependent transmission can be expressed as: 
 
( ) ( ) cQI += αα 2cos2D ,    (2) 
 
where c is a constant that includes some non-polarized scattering from the setup.35  
 
Figure 7a shows the normalized experimental results of our transmission experiment 
at two different locations in the polymerized sample A(28,20). The experiment 
substantiates the microscopy experiment that indicated a high domain order parameter. 
The experiment also allows us to measure the birefringence as a function of temperature 
in the absence of the magnetic field, which was recorded for sample B(25,20) (Fig. 7b). 
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When heated close to the clearing temperature, the birefringence strongly decreases, 
although the domain structure remains intact. In the isotropic phase (at T = 42 °C), a very 
low level of birefringence is still observed that we attribute to the polymer that in the B 
series contains the liquid crystalline monomers RM305 and RM257. More importantly, on 
cooling the birefringence and thus the order parameter in the sample fully recovers, 
indicating that the anisotropically polymerized network acts as an effective anchor for 
liquid crystal alignment.  
 
 
 
Fig. 7. (a) Normalized intensity I as a function of the azimuthal angle α of sample A(28,20). 
The data of two measurements at different positions in the sample is shown (nearly 
overlapping). (b) Normalized intensity I as a function of the azimuthal angle α of sample 
B(25,20) recorded at room temperature (T = 25 °C, purple), the nematic phase (T = 35 °C, 
blue), the isotropic phase (T = 42 °C, pink) and after cooling back to room temperature (T = 
25 °C, orange). 
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Table 2. Birefringence and domain order parameters for all samples 
measured. 
Sample series 
(Tpolym,Bpolym) 
QDa Δn QTb ηpolymc QT,polymd 
A(23,20) 0.89 ± 0.02 0.16 0.53 1.01 0.55 
A(28,20) 0.93 ± 0.02 0.13 0.44 0.80 0.50 
A(32,20) 0.93 ± 0.03 0.11 0.37 0.67 0.42 
A(28,2) 0.89 ± 0.01 0.13 0.44 0.84 0.50 
B(25,20) 0.95 ± 0.03 0.15 0.46 0.79 0.57 
B(39,20)e 0.3 ± 0.1 0.10 0.30 1.52 0.35 
C(26,20) 0.92 ± 0.01 0.15 0.48 0.86 0.56 
 
a Determined from birefringence measurements; the error given is the standard 
deviation of at least three measurements at different positions in the sample. QT, is 
the (estimated, see text) total order parameter at room temperature based on the 
birefringence and clearing temperature and using Haller’s equation. c ηpolym = 
QT·(QLQD)‒1, where QL was taken as the order parameter of 8CB at 22 °C, corrected 
for the change in clearing temperatures introduced by the monomers and 
crosslinker. d QT,polym is the estimated total order parameter under the polymerization 
conditions, determined from the birefringence of the sample and Haller’s equation. e 
Multiple domains in this sample (Fig. 6c,d) give unreliable results. 
 
 
From these experiments values for QD were determined for all materials, see Table 2. 
The results clearly indicate that, overall, the domain order parameters in these gels are 
high —in line with the qualitative microscopy data— irrespective of composition and 
polymerization conditions. The birefringence of the samples after polymerization and 
cooling to room temperature, however, does clearly show an effect of the polymerization 
reaction in the composite (Table 2). As such, the simple model described by Boamfa and 
coworkers,35 that describes the total order parameter QT as the product of the local and 
domain order parameter (QL·QD) does not hold in these PSLCs, since at room 
temperature the local order parameter is expected to be roughly the same in all our 
(porous) samples at room temperature. Clearly, QT depends on the presence of the 
polymer network. We can capture the network contribution by introducing an additional 
phenomenological parameter η that, we can assume, depends on the polymerization 
conditions of the sample (eq. 3). The birefringence of the sample now depends on QL, 
which is only temperature dependent, and on QD and η, which are set by the 
polymerization conditions, where we note that for nearly all our samples QD is high 
(approaching unity). 
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( ) ( ) ( )polymDLpolympolymT , BQTQTBQn ⋅⋅=∝Δ η  ,    (3) 
 
To evaluate this additional parameter, we equated QT from the birefringence (magnet 
experiments) in the sample completely cooled to room temperature. It was then 
estimated using the Haller’s extrapolation method43 and the associated parameters 
determined for 8CB,44 which were then corrected for our mixtures.45 The local order 
parameter at room temperature was estimated from the values of 8CB (again corrected 
for the decreased clearing temperatures of the samples). The calculated values for η 
(Table 2) show, as expected, a decrease with increasing polymerization temperatures 
(entries 1‒3) and a (smaller) decrease with reduced magnetic field (entries 1 and 4). In 
fact, we analogously estimated the order parameter QT,polym at the polymerization 
conditions from the birefringence data (Haller’s method, as described before) and found 
a good correlation between η and the order parameter at the point of polymerization. 
This crude analysis indicates that the polymerization conditions set the upper limit of the 
order parameter that is achievable in the sample. Preliminary SEM studies on similar 
samples (that were opened after polymerization, see SI and Fig. S17) show limited 
polymer network alignment, which may indicate the liquid crystal anchoring dominates 
the effects of network anisotropy. 
 
6.3 Conclusions  
 
We have demonstrated that thick well-aligned liquid crystalline gels can be realized by 
photopolymerization of a magnetically aligned film composed of crosslinker, monomer 
and a large fraction (90%) of liquid crystal. After removal of the field, the alignment is 
maintained in the sample and high domain order parameters are measured. The 
(maximum) value of the total order parameter in the PSLCs, however, is traced back 
directly to the polymerization conditions. A low polymerization temperature and high 
magnetic field result in the highest overall order parameter, though field strengths higher 
than 5 T are not expected to contribute a lot extra. Much to our surprise, the network 
morphology, as determined by using a liquid crystalline (co-)monomer in the sample, has 
no large influence on the observed order parameter in our PSLCs. This work shows the 
importance of optimizing the polymerization conditions for applications of PSLCs, in 
particular for thick samples where surface alignment techniques are out of reach. The 
next step is to prepare self-supporting birefringent films and use them in microfluidic 
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technology. Our first attempts in this direction showed that the films were mechanically 
not tough enough and require thermoset support film such as SU-8. 
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6.5 Experimental section 
 
6.5.1 Sample preparation 
 
Materials. Reactive mesogens and host liquid crystal 8CB were kindly provided by 
Merck UK. The chemical structures of the compounds utilized in this work are 
summarized in Figure S1. The photoinitiator Irgacure 901 was a kind donation from Ciba. 
 
 
Figure S1: Chemical structure of: mesogenic (8CB) and reactive mesogen (RM305, 
RM257, butyl acrylate (BA)) materials. 
 
Methods. Small amounts of mesogenic crosslinker RM257, the monomer BA or 
RM305, the photoinitiator and 8CB were dissolved in dichloromethane and stirred at 60 
degrees for some hours (solvent evaporated). The homogeneous mixtures were dried 
under vacuum overnight. To prevent premature polymerization, samples were processed 
and store it in a room isolated from the visible light. The composition and concentrations 
of the different components are given in summarized in table S1. 
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Table 1: Composition and concentration of mixtures A, B and C 
 
Mixture 
Host LC 
(90%) 
Crosslinker 
(2%) Monomer (8%) 
Photoinitiator 
(2%) 
A 
8CB RM257 
Butyl acrylate 
Irgacure 901 
B RM305 
C 
(4%) Butyl acrylate 
(4%)RM305 
 
6.5.2 Cells preparation 
 
Microscope slides (79x26 mm) were cut to the dimensions given in Figure S2. The 
glass plates were immersed in ethanol in an ultrasonic bath for 20 minutes. After blow-
drying with nitrogen, the plates were placed in a UV-ozon oven and exposed for 30 
minutes. No further treatment was carried out on the glass surface. To achieve the 
required thickness of the final cells, Mylar spacers (100µm thickness, type C) were used. 
The spacers were glued with two-component epoxy glue (Griffon) to the edge of the 
cells. A mechanical force was applied for 2 hours to obtain the required thickness. The 
glass cells were filled with the desired mesogenic mixture by capillary forces. To avoid 
any loss of material during the experiment, the glass cells were completely sealed off 
with epoxy. 
 
Figure S2: (a) Dimensions of the used slides; (b) Glass slides with Mylar spacers attached; 
(c) The final glass cell was prepared by gluing together two glass slides separated by 100 
µm Mylar spacers. 
! ! !
! !
! !
! !
!
(a) (b) )) (c) )
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6.5.3 Experimental set-ups 
Magneto-optical set up. The magnet used is a 20 T water-cooled Duplex-Bitter 
electromagnet. The field strength is varied by varying the electrical current though the 
magnet coil. The ‘high resolution’ magnetic birefringence setup used for measuring the 
degree of alignment due to magnetic field is illustrated in Figure S3. The measurements 
were carried out by utilizing equal components of sinusoidally phase-modulated laser 
light polarized at 45° to the magnetic field direction (showed with arrow in Fig. S3, B). The 
depolarized contribution of the transmitted light through the sample was measured by a 
photodetector (5 mm2 Silicon Photo-Conductive detector/preamplifier, Hinds 
Instruments). The ac phase shift between the original polarizations was recovered via 
lock-in amplifiers (SR830 Lock-In Amplifier, Stanford Research Systems) and referenced 
to the modulator signal (Photo-elastic modulator, PEM-90, Hinds Instruments). We 
employ a HeNe laser (1 mW output, Melles-Griot) with a wavelength of 632.8 nm as a 
source of monochromatic light. The dc part of the signal was measured by a voltmeter 
(K-199, Keithley) to monitor the transmission level of the sample. The magnetic field 
induced phase shift (retardation, δ) was measured from which the birefringence can be 
calculated.  
 
 
Figure S3: Linear birefringence experimental setup, as described in the main text. 
 
The setup was tested to have an experimental precision (noise level) of 10−5 radians. 
In this way, the birefringence response of the samples was monitored as a function of 
time, magnetic field and temperature. The birefringence, ∆n, is calculated using: 
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∆n = δλ/2πd,    (1) 
 
with δ, the measured retardation, λ the wavelength of the applied beam, and d 
the thickness of the sample. 
 
It should be additionally noticed, that this setup enables us to measure the sign 
of birefringence and, eventually, the orientation direction of the molecular optical 
axes. The arrangement of the optical parts in our setup is such that a positive 
birefringence corresponds to the fast axis perpendicular to the magnetic field, and 
a negative vice versa. This effect can be extensively used for the determination of 
the internal structure of molecular aggregates. 
 
The sample is held in a small container that is mounted on the probe inserted 
in the magnetic coil. The temperature inside the chamber can be controlled 
between 5 °C to 95 °C by using a water-based temperature controller. The 
temperature is measured inside the chamber. The thermal controller allows us to 
carry out the photopolymerization reaction of the mesogenic mixtures at different 
temperatures. The temperature is measured inside the chamber. 
 
Preliminary off-line studies showed that mercury lamp (Dr.Hoenle Bluepoint 2, 
connected to an optical fiber to irradiate the sample with 5 mW, λ = 365 nm UV 
light) exposure times longer than 10 seconds did not significantly alter the 
samples. To reach maximum (but not full) conversion, we exposed the samples 
for 30 seconds with the same setup (inside the magnetic field). 
 
The off-line birefringence measurements to determine QD were recorded with 
the sample in a rotation stage between a polarizer and analyzer. The light beam 
(λ = 633 nm) was expanded to a diameter of 5 mm to ensure averaging over 
multiple domains.  
 
Optical polarized microscopy. Optical microscopy was carried out on an 
Olympus BX60 microscope equipped with a Mettler FP82HT hot stage and digital 
camera using standard glass microscope slides. 
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XRD. Temperature-dependent X-ray diffraction (XRD) measurements were carried out 
using a Bruker AXS 2-D detector mounted on a Rigaku sealed tube generator with a 
collimated (<0.5 mm) beam (Cu Kα radiation; λ = 1.542 Å). The detector was calibrated 
with a Ag behenate standard. Temperature control (<0.5 °C) was achieved in a home-
made furnace equipped with two magnets to give a ca 1 T magnetic field perpendicular 
to the incident beam. The samples were placed in a 1-mm-diameter glass capillary are 
and exposed for typically 300 s. !
6.5.4 Experimental results 
Thermal behavior. Mesomorphic behaviour from each mixture was studied using 
optical microscopy as well as in the magneto-optical set-up. The latter was carried out by 
measuring the transmission of the sample at 632.8 nm. Scattering events at the phase 
transitions reduce the transition and are a signature for phase transitions in liquid 
crystals. Analysis of the mixtures A–C (Table S2) shows that the presence of monomers 
and initiator has a small, but significant effect on both the Sm-N as the N-I phase 
transition temperature. The transition temperatures correspond to the temperatures 
observed with optical polarizing microscopy. 
 
Table S2: Phase transition 
temperatures determined in the 
magneto-optical setup. 
 
Mixture TSmA–N 
(°C) 
TN–I (°C) 
A 
B 
C 
< 25 
26.7 
27.8 
37.6 
41.4 
40.1 
 
Time trace experiments. Analogues to Figure 2 in the manuscript, the time traces of all 
other experiments are given below in Figures S3-S10.° 
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Figure S3: Time trace of sample A(32,20). Explanation is given in the text of the 
manuscript. 
 
Figure S4: Time trace of sample A(28,20). Explanation is given in the text of the 
manuscript. 
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Figure S5: Time trace of sample A(23,20). Explanation is given in the text of the manuscript 
(NB. This is the same image as Figure 2 in the manuscript). 
 
Figure S6: Time trace of sample A(28,2). Explanation is given in the text of the manuscript. 
 
0
10
20
30
40
50
'
T
em
pe
ra
tu
re
'T
''/
'°
C
'
0 .0 0.5 1.0 1.5
0.00
0.05
0.10
0.15
B
ire
fr
in
ge
nc
e'
Δ
n
T ime't' '/'103's
0
5
10
15
20
M
ag
ne
tic
'F
ie
ld
'B
'/'
T
'
0 .00
0.05
0.10
0.15
In
te
ns
ity
'/'
a.
u.
p
N−I I−N N−S mA
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
PI-N
 
 
  Δ
n 
or
 In
te
ns
ity
 / 
a.
u.
   
Time / s
N-I
0 2000 4000 6000
-100
-80
-60
-40
-20
0
20
40
 F
ie
ld
 / 
T 
or
 T
em
pe
ra
tu
re
 / 
°C
   
   
Chapter 6: Maximizing orientational order in polymers-stabilized liquid crystals using high 
magnetic fields 
 157 
 
Figure S7: Time trace of sample A(32,2). Explanation is given in the text of the manuscript. 
 
Figure S8: Time trace of sample B(39,20). Explanation is given in the text of the manuscript. 
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Figure S9: Time trace of sample B(25,20). Explanation is given in the text of the 
manuscript. 
 
Figure S10: Time trace of sample C(27,20). Explanation is given in the text of the 
manuscript. 
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XRD. Sample A was cauterized before (Figure S11) and after (Figure S12) 
polymerization (at room temperature) with X-ray diffraction in order to establish that 
indeed polymerization of the sample disrupts the smectic A organization in the sample. 
By polymerization after magnetic alignment in field of the diffractometer’s furnace, the 
alignment after polymerization was maintained. Figure S13 shows the radially integrated 
patterns. 
 
 
 
Figure S11. X-ray diffractogram of sample A before polymerization at T = 22 °C showing 
the characteristic scattering pattern of a smectic phase with sharp small angle layer 
reflections and diffuse wide angle reflections. Figure S13 shows the radially integrated 
pattern. 
 
 
 
Chapter 6: Maximizing orientational order in polymers-stabilized liquid crystals using high 
magnetic fields 
 160 
 
 
Figure S12. X-ray diffractogram of sample A at T = 22 °C polymerized at room temperature 
prior to UV exposure. The sample is equivalent to sample A(23,2) (weak magnetic 
alignment present during photopolymerization) and shows the characteristic scattering 
pattern of a nematic phase with diffuse hallows in the small and wide angle region. Figure 
S13 shows the radially integrated pattern. 
 
Figure S13. Integrated X-ray diffractograms of sample A at T = 22 °C before (blue) and after 
(orange) polymerization at T = 22 °C. The spectra correspond to Figs. S11 and S12. 
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Field dependent retardation measurements 
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Figure S14. Birefringence as a function of reduced temperature at different magnetic fields. 
The data shows that the magnetic field has no significant influence on the birefringence and 
that thus QL is decoupled from B. This result is in line with results in ref 2. 
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Figure S15. Birefringence of the samples from Series A-C polymerized at low temperatures 
in the N phase. By scaling the data against the changes in clearing temperature, as a result 
of added monomers, the data nearly overlaps. 
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Magnetic saturation curve 
 
Figure S16. Saturation curve for series A (measured without the photoinitiator present in the 
material). The optical retardation as a function of the magnetic field saturates at 
approximately 5 T.  
 
SEM experiments of surface-aligned thin samples. Preliminary morphological 
studies were carried out with a different nematic host material BL087. The monomer and 
crosslinker in this preliminary work was the same as in the study with 8CB. The focus of 
the preliminary work was to study the best composition to generate PSLCs with 
appropriate pore sizes. To do so we studied the samples using SEM.  !
The samples were prepared in thin films between two treated substrates separated 
by a 5 µm spacer. One substrate was treated with rubbed PVA, the second with (parallel) 
rubbed PI, to give a macroscopically oriented LC mixture. After photopolymerization of 
the LC mixture, the sample was immersed in a water bath to dissolve the PVA and open 
the sample. Subsequent washing with water and organic solvent removed the last traces 
of PVA and the liquid crystal from the pores. The samples were then subjected to SEM 
analysis (Fig. S18). Shown are morphologies of four different samples of different 
composition (see Table S3). Despite the good alignment in microscopy experiments, the 
fiber alignment of the polymers is low. Samples with a too high polymer and/or 
crosslinker content (a and c) show a suboptimal morphology. 
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Table S3. Sample compositions for preliminary SEM experiments (excl. 2% initiator).  
Entry Figure BL087 
(wt-%) 
RM257 
(wt-%) 
BA 
(wt-%) 
1 
2 
3 
4 
a 
b 
c 
d 
80 
90 
90 
90 
5 
5 
7 
2 
15 
5 
3 
8 
 
 
Figure S17. SEM images of PS-LC networks with compositions given above. Despite the 
excellent anchoring properties (shown by excellent alignment in microscopy experiments) 
the fiber alignment of the network is poor.  
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7.1 Introduction 
 
Nature uses self-assembly to its fullest extent. Many of her structures are constructed 
from small components that come together as the result of a broad range of 
intermolecular interactions, such as hydrogen bonding, electrostatic interactions and 
hydrophobic interactions.1-4 Over the past decades, the field of supramolecular 
chemistry, “chemistry beyond the molecule,” has made tremendous progress in building 
complex multi-molecular structures by studying the laws of Nature and applying them to 
synthetic mimics.5-9 One major difference between synthetic and biological approaches 
is found on the larger length scale. As a typical bottom-up approach, most 
supramolecular chemistry is well defined at molecular dimensions, but is isotropic at the 
macroscopic length scale (or even beyond the dimensions of the molecules). In contrast, 
many (assembled) structures in Nature possess macroscopic orientation or even a 
controlled spatial arrangement.10-14 
How can we target the high length scale regime in synthetic materials? The default 
approaches use top-down techniques such as external fields (electric, magnetic, 
mechanical), lithography, nano imprinting, etc.15-19 For these techniques, even for those 
that target the smallest dimensions, control over the smallest, the molecular length 
scales remains a challenge.  
An alternative approach uses liquid crystals (LCs) as a template to provide order at 
the larger length scale.20-22 Chapter 6 holds an example of this liquid crystal templating 
approach. Polymers that were grown in the bulk LC (in Chapter 6 it was 8CB) follow the 
orientation of the liquid crystals and, after an anisotropic network was established, they 
were able to transfer their long-range orientation information to the liquid crystal inside 
the pores. As many other studies in literature, this example makes use of bulk (or high 
concentrations of) liquid crystals, which limits the applicability of this strategy.23,24  
A practical solution to this problem is the use of chromonic liquid crystals.25 This 
special class of LCs forms mesophases (often in water) at very low concentrations as a 
result of stack formation. Mesophases with concentrations below 1 % have been 
reported, far lower than concentration ranges of more traditional lyotropic (concentration 
dependent) LCs.26-29 
In the pursuit for long-range order or alignment using this chromonic LCs, one can 
design the structures such that they form liquid crystal phases at these low 
concentrations. These approaches have been successfully explored in the past.14,30-32 
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but they require a high degree of design in the self-assembling material. A simpler 
approach is to use a low concentration chromonic liquid crystal as a template that 
induces long range order.33 For this approach, macroscopic orientation information is not 
encoded in the assembling molecules, which are therefore much simpler in design. The 
environment of a two components system however is more complex and one needs to 
consider mutual interactions between the assembling materials and the template.  
With the latter strategy in mind, we studied order formation in aqueous solutions of a 
chromonic liquid crystal and a semi-flexible polymer. The polymer is known to form 
hydrogels at elevated temperatures by self-assembling into a bundled morphology. Our 
initial ideas were to use the liquid crystal as a template to organise the polymer with the 
aim to generate anisotropic hydrogels. We soon realised, however, that interactions of 
the polymer with the chromonic liquid crystal changes their behaviour and we found the 
formation of highly ordered structures over large length scales at extremely low 
concentrations (99.8% water).  
 
7.2 Results and discussion 
 
Materials. The materials used in this study are the water-soluble polyisocyanopeptide 
(PICP, Figure 1) and the chromonic liquid crystal pinacyanol acetate (PA). The backbone 
of the polymer forms a helical conformation during the polymerisation reaction that is 
stabilised by the peptide side groups.34 As a result of the conformation, a semi-flexible 
polymer chain is formed.35 Tetra(ethylene glycol) groups, which are grafted from each 
backbone atom, solubilise the polymer in water at low temperatures. The lower critical 
solution temperature of the polymer induces hydrogel formation at elevated 
temperatures (Tgel = 40 °C),36,37 but this work is carried out at room temperature and we 
actively avoided the gel regime. The polymer was synthesized following earlier published 
protocols and is detailed in the experimental section.    
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Figure 1. Structure of the tetra(ethylene glycol) functionalised polyisocyanopeptide (PICP, left) 
and pinacyanol acetate (PA, right). 
 
The chromonic liquid crystal (PA) is an extended, charged aromatic structure. When 
dissolved in water, it assembles into stacks to minimise the contact of the hydrophobic 
aromatic regions with water. At sufficient concentrations, the elongated stacks will form a 
nematic liquid crystal structure, as a result of Onsager’s hard rod model.38 Mesophase 
formation of PA depends both on concentration and temperature. Although the hard rod 
model is in principle athermal, the temperature of the PA solution determines the length 
of the assemblies, and thus a thermal effect is observed in such chromonic-based 
systems. For the synthesis of PA, a literature procedure was followed. Details are given 
in the experimental section. 
Mesophase behaviour and phase diagram. The phase behaviour of freshly 
synthesised PA was investigated using polarised optical microscopy (POM) (Figure 2). 
We studied aqueous solutions of PA of concentrations cPA = 1‒45 mg/mL and recorded 
the phase transition temperatures slowly cooling from the isotropic to the nematic phase. 
In the absence of PICP, we find a nematic (N) to isotropic (I) transition between 60‒100 
°C, dependent on the PA concentration. Below 7mg/ml PA, no mesophase is formed, in 
line with the findings of Rodríguez-Abreu et al.33 Figure 2a shows the phase diagram 
constructed from the experiments and Figure 2b shows a liquid crystal texture of a cPA = 
12 mg/mL solution at T = 25 °C. 
Addition of a small amount of PICP (cPICP = 1 mg/mL) shifts the minimum 
concentration for mesophase formation to an extremely low concentration. Even at 1.5 
mg/ml PA, we observed a mesophase using POM studies. At slightly higher 
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concentrations, the transition temperature to the isotropic phase becomes concentration 
independent at approximately 60 °C. The mesophase formed by the mixture of PA and 
PICP is not readily characterised by its texture, which additionally, changes over time. At 
cPA > 12.5 mg/mL, we observed quick phase separation in the samples and we did not 
study this regime any further. Due to the self-assembly of PA, mesophases are already 
observed at very low concentrations, but with the addition of PICP, this concentration is 
even further reduced. It is interesting to look at the mechanisms for stabilisation and to 
see how such composite structures further develop in time. These questions from the 
basis of the studies, that are discussed in the remainder of this chapter. 
 
 
Figure 2. (a) Phase diagram of PA (blue line) and the mixture PA+PI polymer (green line) as a 
function of PA concentration and temperature. At concentrations higher than 0.7 w/w-%, PA 
shows an isotropic phase (I) above a nematic phase (N). Mixtures of PA and PICP (1 mg/mL) 
show a liquid crystal phase (M) at lower PA concentrations. NB. The transition temperatures 
were recorded with polarised optical microscopy in the cooling ramp. (b) Texture of the 
nematic phase of PA (1.2mg/ml) at T = 25 °C. (c) Texture of the liquid crystal phase of the 
mixture PA (concentration 0.22%-w/w) and PICP (1 mg/mL) at T = 25 °C.  
 
A contact sample of PA and PICP visually demonstrates induced mesophase 
formation. To prepare a contact sample, a 12 µm glass cell (glass cell preparation in the 
ESI) was filled from one side with a PICP solution (cPICP = 2 mg/mL) and from the other 
side with a PA solution (cPA = 2.2 mg/mL) and immediately sealed with epoxy glue 
afterwards. The sample was studied with polarizing optical microscopy. Both solutions 
are isotropic and do not show birefringence between crossed polarizers. At the interface, 
where both solutions touch, concentration gradients of both PICP and PA develop over 
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time and after 24 hours diffusion, the contact sample clearly shows that at intermediate 
concentrations a birefringent mesophase has developed (Figure 3). Not unexpectedly, 
birefringence is visibly higher at the PA side of the contact sample.  
 
 
 
 
 
 
 
 
 
Figure 3. Contact sample of PICP (top of the sample, cPICP = 2 mg/mL) and PA (bottom of the 
sample, cPA = 2.2 mg/mL). The image was taken at room temperature, between crossed 
polarizers and after 24 hrs diffusion time. 
 
The contact sample experiment is very insightful and gives a clear indication of 
mutual interaction, but is far from quantitative. To learn more about the nature and ratio 
of these interactions, we carried out UV-vis and DLS experiments on PICP and PA as 
well as on related molecules. 
 
UV-vis experiments. Both experiments, the strong decrease in the minimum 
concentration of mesophase formation after PICP addition and the contact sample points 
towards an interaction between the two components. This was confirmed with UV-vis 
spectroscopy. We recorded absorption spectra at constant PA concentration and varying 
amounts of PICP (Figure 4a). Due to the very high molar extinction coefficient of PA 
(ελ=544nm = 8.04·107 M‒1 cm‒1, ελ=600nm = 4.11·107 M‒1 cm‒1) we were able to record the 
spectra at very low PA concentrations (cPA = 60.5 nM) At this concentration, the PA self-
assembly into stacks is low, albeit not absent, judging by the concentration dependent 
absorption spectra of PA that shows a clear blue-shifted shoulder, attributed to co-facial 
stacking (Experimental section, Figure S3). A Job plot constructed from the data indeed 
shows an interaction at a stoichiometry of 1:4 PICP monomer:PA. We believe that the 
effect is a combination of electrostatic interactions of the PA cation with in water weakly 
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ligating ethylene glycol tails of the polymer and hydrophobic interactions between the 
two components. 
 
 
 
Figure 4. (a) Job plot of PICP and PA constructed from titration experiments with a constant 
PA concentration cPA = 60.5 nM (0.025 mg/mL). The Job plot shows a minimum at the ration 
PICP monomer:PA around 1:4. Samples with a PICP fraction larger than 0.7 could not be 
prepared. Job plots were created from two local absorption maxima of the PA spectrum (at λ = 
544 and 600 nm). (b) Equivalent Job plots of tetra(ethylene glycol) mono methyl ether with PA 
(cPA = 121 nM, 0.05 mg/mL, λ = 600 nm) and of PICP with other chromonic liquid crystals: 
Pinacyanol chloride (Pina Cl: c = 64.1 nM, 0.025 mg/mL, λ = 544 nm), IR-806 (c = 33.9 nM, 
0.025 mg/mL, λ = 799 nm) and  benzopurpurin 4B (BPP4B, c = 96.4 nM, 0.07 mg/mL, λ = 496 
nm). For each of the latter studies, the dye concentration was kept constant during the titration 
experiment. 
 
To substantiate this, we constructed similar Job plots of tetra(ethylene glycol) mono 
methyl ether (the glycol tails on the PICP backbone) with PA and of PICP with various 
other chromonic and lyotropic liquid crystals (Figure 4b). Of these compounds 
pinacyanol chloride (Pina Cl) is the same cation, but with a chloride anion, which we 
expect to behave similar to PA, IR-806 is a laser dye based on a cationic aromatic core 
(analogous to the pinacyanol cation), that is substituted with two negatively charged 
sulfonate groups through aliphatic spacers and benzopurpurin 4B (BPP4B) is an anionic 
dye. Analogous to PA, the dyes Pina CL, IR-806 and BPP4B are also chromonic liquid 
crystals and form (aligned) stacks at relatively low concentrations in water.  
The Job plots show that the interactions between tetra(ethylene glycol) and PA and 
PCIP with the cationic cores (Pina Cl and IR-806) have a similar stoichiometry as the 
PICP-PA complex and we believe that they all have the same origin. Besides a change 
in the exact interaction strength, a small change in the exact values is expected when 
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competing self-assembly processes (particularly strong for Pina Cl) are considered. As 
expected, the Job plot of PCIP with the negatively charged BPP4B indicates no 
interaction between polymer and chromonic liquid crystal. The similar behaviour of the 
control UV-vis experiments indicates that indeed the electrostatic cation‒ethylene glycol 
interaction is the main contributor to the observed effects. In particular, the experiment 
with TEG, without the polymer chain present, supports this view strongly. 
These results prompted us to do some additional POM experiments that study 
mesophase formation in PICP (1 mg/mL) solutions with the appropriate amount of PA, 
Pina Cl, IR-806 and BPP4B. The results of PICP/PA will be discussed extensively in the 
following paragraphs. Samples of PICP with the other three dyes did not show such 
homogeneous phase formation, but rather suffered from crystallisation of the dye 
(experimental section, Figures S6‒S8). This uncovers an obvious, but important 
characteristic of the PA chromonic liquid crystal for application in such assembly studies: 
its relatively good solubility in water, despite its aggregated state. The comparison with 
Pina Cl shows that even a simple anion exchange can be sufficient to achieve such 
important properties. 
 
DLS experiments. Dynamic light scattering (DLS) studies were carried out on 
solutions of PICP and PA in the absence and presence of PICP at different PA 
concentrations. Figure 5 shows the average diffusion times; the absolute size 
determination is difficult because of the strong anisotropic character and the broad size 
distribution of the scattering particles. Both the diffusion time in the absence and in the 
presence of PICP is strongly PA concentration dependent, which is related to the 
concentration dependent stack size of the chromophore. In addition, the diffusion times 
of the PA solution with PICP present are much higher than the corresponding samples 
without PICP, which is the result of their mutual interactions. The DLS experiments 
clearly show that these interactions already play a role at very low PA concentrations 
(cPA < 0.01 mg/mL).   
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Figure 5. Average vertical-vertical diffusion times τvv (see experimental section) determined by 
DLS of different concentration PA solutions in the absence (blue bottom line) and the 
presence (pink top line) of 1 mg/mL PICP.  
 
The DLS correlation functions of solutions of the two compounds together were also 
compared to those of the individual compounds (experimental section, Figure S5). We 
found that the co-solution spectra could not be overlapped with the simple concentration-
weighed sum of the spectra of the components, not even varying their respective weight 
factors. More details on the DLS experiments are given in the experimental section. 
 
Polarising optical microscopy. To study structure development at the larger length 
scale in PICP-PA solutions, we carried out polarising optical microscopy (POM) and 
confocal fluorescence microscopy (CFM) experiments. In both techniques, we studied 
three different solutions (C1, C2 and C3) with a constant PICP concentration (cPICP = 1 
mg/mL) and different PA concentrations (cPA = 1.2, 2.8 and 9.0 mg/mL, respectively). 
Solution C2 (cPA = 2.8 mg/mL) is right at the stoichiometric ratio of PICP and PA (in dilute 
solution), whereas C1 has excess polymer and C3 has excess chromonic liquid crystal 
as compared to C2. One should keep in mind that the PA concentration of C3 is high 
enough to form a liquid crystalline phase in the absence of the polymer. For C2, the 
polymer is needed for mesophase formation and for C1, one would not expect to see a 
mesophase at all.  
For the (polarising) optical microscopy studies, 12 µm thin glass cells were filled with 
one of the three solutions and the cells were sealed with epoxy glue to prevent solvent 
evaporation, which ensures that the starting concentration is preserved during the 
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extended measurements. The samples were then followed in time. The different samples 
are discussed one by one starting with C1.  
 
 
Figure 6. POM images of samples C1, C2 and C3 followed over time: (1) C1 at fresh samples 
(a) and after 14 days (b); (2) C2 at fresh samples (a) and after 14 days (b); and (3) C3 at fresh 
samples (a) and after 14 days (b). The images are taken with crossed polarisers (indicated by 
the white arrows). Scale bars are given in each panel.  
 
Fresh samples of C1 (excess polymer) showed no birefringence (Figure 6.1a), which 
was expected for the low PA concentration in this sample. After 11 days, however, 
birefringence develops in some areas in the cell; with slowly grow over time (Figure 6.1b) 
to domains of tens of microns in size. PA together with PICP, in these domains is 
concentrated to such extent that anisotropy develops, resulting in birefringence. The 
majority of the sample remains isotropic. A control samples of PA without the polymer 
present (experimental section, Figure S9) show no development of birefringence over 
time, indicating that the PA concentration process is definitely polymer-induced.  
OPM studies of freshly prepared solutions C2 (Figure 6.2a) and C3 (Figure 6.3a) 
show grainy textures that are homogeneous over the entire sample. After six days, the 
texture of C2 (stoichiometric ratio) changes into a pattern that extends and is uniformly 
aligned for hundreds of micrometres. This texture remains unchanged until day 14 of the 
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study (Figure 6.2b). The higher magnification inset in Figure 6.2b clearly shows the 
formation of a “tiger stripe” texture, that is more frequently observed in chromonic liquid 
crystals.39 The stripes are the result of wavy distortions of an aligned nematic phase.  
Over time, sample C3, although somewhat stronger birefringent than C2 in the freshly 
prepared samples showed phase separation at larger length scales, as is clearly 
observed in the microscopy image (Figure 6.3b). Large, unaligned nematic domains are 
formed with at the domain walls dark coloured regimes that suggest a concentration 
process of excess of PA in these regions. These samples are very heterogeneous and 
were not studied any further in this chapter. 
The homogeneity of sample C2 is striking, in particular when considering that the 
sample (like all other samples) was prepared without specific substrate treatment. The 
stoichiometric ratio that was determine by UV-vis at very low concentrations seems to 
hold at much higher concentrations where PA stacking is more prevalent. The higher 
concentration has the additional effect that structure formation becomes very slow as the 
texture only develops to its final state after several days. Away from the stoichiometric 
ratio (samples C1 and C3), we find heterogeneous structures. We used confocal 
fluorescence microscopy to study the structure formation and the nature of the 
aggregated of these samples as a function of time. In contrast to POM that records 
birefringence of larger objects, confocal microscopy reports directly the fluorescence of 
dye molecules (PA) and is not dependent on structure formation.   
 
Confocal fluorescence microscopy. Confocal fluorescence microscopy (CFM) 
images of samples C1, C2 and C3 were recorded with an excitation wavelength λex = 
530 nm and a cut-off filter of with λcut-off = 570 nm, which blocks light of the excitation 
wavelength. Only fluorescence signal of PA is collected and as a result only the PA 
distribution over the samples can be mapped. The images of C3 were dominated by 
strong fluorescence of excess PA molecules or stacks in the sample, which prevented 
the visualisation of higher ordered structures. Samples C1 and C2, however, provided 
much more detailed information on the structure, as well as the structure formation 
process.  
In the stoichiometric sample C2, CFM images at t = 0, show a homogeneously 
distributed fluorescence signal with some localized higher intensity areas (Figure 7.1). 
Long-range structure formation is absent is the sample. In time, already after three days, 
a fibrous organization develops that is composed of a continuous structure of brightly 
emissive fibres. The fibrous structure is present over the entire sample, also in the z-
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direction, and is homogeneously aligned (Figure 7.2). This result is in line with the 
behaviour of the sample in the POM experiments, with the difference that CFM is able to 
capture this structure formation process at an earlier stage (three days rather than six in 
POM). Moreover, the CFM images provide a better resolution of the fibrous structure, 
that clearly is formed after three days, but still needs time mature into the 
homogeneously aligned birefringent material that is observed in the POM experiments. 
After three days, CFM experiments do not show further development of the structure 
until the end of the experiment at 14 days. Figure 7.3 shows the CFM image close to a 
defect in the sample (in fact, the sample position as 7.2, but in a different confocal 
plane). The image shows that the fibres form structures around the defect that closely 
resemble structures of liquid crystals around defects. 
 
 
Figure 7. Confocal fluorescence microscopy image of sample C2 as a function of time: (1) 
fresh sample; (2) after 14 days; (3) selected area close to a defect (after 3 days), see text. 
 
Sample C1 with a low PA concentration gives even more information, also about the 
assembly process. In the freshly prepared sample, florescence is low and evenly 
distributed over the entire sample (experimental section, Figure S10), in agreement a 
homogeneous solution of the two components and the absence of higher ordered 
structures. This is also in line with the microscopy results at t = 0 that shows a 
homogeneous non-birefringent sample (Figure 5.1a). After three days, however, 
fluorescence signals appear scattered through the sample (Figure 8.1) as a result of the 
supramolecular aggregates that are formed of PICP and PA.  
The bright aggregates have an increased PA concentration, which must be the result 
of a larger scale assembly of PA/PICP polymer constructs. The periphery of these slowly 
growing domains show elongated fibrous ‘tentacles’ that indicate the growth direction of 
the assemblies (Figure 8.2). These long fibres can grow to hundreds of micrometres in 
1 3 2 
20µm 
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size without significant branching. We tentatively attribute this to a (anisotropic) diffusion-
limited aggregation process, where the assemblies grow in the direction of the mass 
transport. The strong local anisotropy (the observed local alignment of the tentacles) 
may be the result of the semi-flexible nature of the polyisocyanide that increases the 
persistence length of the assemblies. Interestingly, the fluorescence from the centre of 
the aggregates is usually lower than that from the edges (Figure 8.1). We imagine that 
aggregation process at a later stage of the assembly may be slightly different than at the 
start. In time, we see the fluorescence from the centre of the aggregate increasing the 
match the level of the rest of the aggregate (Figure 8.3), which indicates that the 
structure of the aggregate is dynamic and subjected to continuous change.   
 
 
Figure 8. Confocal microscopy image of sample C1 as a function of time and in different 
areas. (1) after 3 days, at the center of the aggregate; (2) after 3 days, at the periphery of the 
aggregate; (3) after 14 days at the center of the aggregate.  
 
Assembly model. The macroscopic uniformity of sample C2 (at the stoichiometric 
ratio) and the slow macroscopic structure formation in both samples help us to 
understand the different steps in the assembly process of the polymer and the 
chromonic liquid crystal. Just after mixing, at t = 0, the semi-flexible polymer and 
associates with the chromonic liquid crystal to form PA/PICP co-assemblies. This co-
assembly process is in competition with PA homo-assembly (stacking), but a equilibrium, 
shifted towards co-assembly is quickly formed. The optimal stoichiometry for the 
assembly is 4 PA molecules for every 1 ethylene glycol tail on the polymer, which seems 
to be independent of the original PA starting concentration and, thus, independent from 
the length of the PA stacks present before PICP addition. In C2, the  
Chapter 7: Long-range order in soft matter at extreme dilutions 
180 
!
 
 
Figure 9. Proposed mechanism. 
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density, length and anisotropy of the (co)assemblies are sufficient to form a mesophase 
that is stable to 60 °C. At the lower PA concentration of C1, this is not the case and the 
sample remains isotropic.  
The slow process that follows is an aggregation process of the assembly at larger 
length scales. In C2, at stoichiometric ratios, the aggregating assemblies all align along 
the liquid crystalline director. In this case, the mesophase formed by the assemblies 
directs the alignment of the aggregates composed of the assemblies. The process yields 
a homogeneous fibrous structure at the small length scales (microns) and a 
homogeneous birefringent phase at slightly higher length scales. The remarkable 
macroscopic alignment of this structure is the result of the anisotropic environment from 
which the aggregation process commenced. In C1, long-range anisotropy is absent and 
as a result the randomly initiated aggregation process grows radially around the 
aggregate. The strong local alignment (directly around the aggregate) shows the natural 
tendency of the aggregates to align. In C1, however, the absence of global anisotropy in 
the sample prevents directed growth.   
We believe that in C3, the same processes take place, but that the excess of PA in 
this sample separates from the PA/PICP assemblies. The separation distorted long 
range assembly in the samples. 
 
7.3 Conclusions 
 
In this chapter, we describe a method to obtain macroscopically ordered and aligned 
assemblies at extremely low concentrations (99.7 % water). The combination of high 
microscopic and macroscopic definition is rare in such diluted systems. 
We observed this unusual behaviour in an aqueous solution of a chromonic liquid 
crystal (PA) with a semi-flexible synthetic polymer (PICP). In short, at the appropriate 
concentration, we observed the formation of fibrous assemblies of the two components 
that extended for hundreds of microns and were homogeneously distributed through the 
sample. Since we anticipate that our observations are of a general nature and will not be 
limited to this specific combination of molecules, we should ask ourselves what the 
crucial ingredients in our material are that allow for this behaviour.  
The polymer and the chromonic liquid crystal interact and form a co-assembly. UV-vis 
experiments revealed that the stoichiometry of this assembly is 4:1 PA:PICP monomer. 
Chapter 7: Long-range order in soft matter at extreme dilutions 
182 
!
In other words, on average, four molecules PA interact with a single oligo(ethylene 
glycol) tail on the polymer, which we considered was unexpectedly high. We found that 
also at higher concentrations only homogeneous samples were obtained at this PA/PICP 
ratio (sample C2).   
The initial (liquid crystal) structure formation originates from the mesophase formation 
of the chromonic liquid crystal. This provides macroscopic alignment over the entire 
sample. In our work, we used unprepared glass slides at room temperature. We note 
that macroscopic order (i.e. a mesophase) should be present at the optimum chromonic 
liquid crystal/polymer ratio. In the case of PA/PICP, this was indeed the case in the 
concentration regime that we first investigated, although mesophase formation of PA 
was aided in the early stages of the experiment by the polymer. At lower PA 
concentrations, similar self-organisation processes occur, but they lack the 
macroscopically aligned character, due to the too low PA concentration. When phase 
formation depends on the absolute concentration of the chromonic LC and the ratio 
chromonic LC/polymer should be conserved, one can still allow to tune both 
concentrations simultaneously. We did not study this aspect in this chapter. 
Phase formation of the chromonic LC is the result of self-assembly into stacks. On 
one hand, this assembly process needs to be effective (high association constants give 
long stacks that yield mesophases at low concentrations), on the other hand, it should be 
compete with assembly with the polymer. We feel that this balance is of major 
importance to obtain the intermolecular assemblies. 
The role of the semi-flexible nature of the polymer was not studied in this chapter. For 
this, we should also have studied more flexible ethylene glycol-grafted polymers. 
Although direct evidence lacks, we consider that the relatively stiff polymer may play a 
role in the directed assembly process that is most clearly observed for sample C1. We 
expect that flexible polymers would not be able to support the growth of such long 
uniaxial structures. It is tempting to argue that we hit a generic design principle for 
creating long-range order under high dilution without the use of rigid components: a 
combination a semi-flexible polymer and a one-dimensional self-assembled structure. 
The polymer is this assembly is very long, but not stiff enough to provide long-range 
order; the self-assembled material creates highly defined stacks, but is in dimensions 
limited by the finite association constant. The combination, at least in PICP/PA solutions 
combine the properties, to yield structure formation at very high dilution. Whether this 
indeed is a generic design principle is open to future research.     
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7.4 Experimental section 
 
7.4.1 Instrumental  
1H NMR spectra was recorded on a Varian VXR-400 (400 MHz) spectrometer. 
Spectra were recorded in CDCl3. Chemical shifts are reported in ppm referenced against 
TMS, which was added as an internal reference. LCQ-mass spectroscopy 
measurements, were performed on Thermo Finnigan LCQ Advantage Max instrument 
using methanol as solvent. UV-vis measurements, were performed on a fluorescence 
spectrometer Perkin Elmer LS 55 Fluorescence. Dynamic light scattering (DLS) 
measurements were performed on Malvern DLS-Zetasizer instruments. Optical 
microscopy was carried out on an Olympus BX60 microscope equipped with a Mettler 
FP82HT hot stage and digital camera using standard glass microscope slides. The 
fluorescence confocal microscopy was carried out on a Witec microscope equipped with 
a green laser at λ = 530 nm and a Schott glass filter OG570 allowing only the 
fluorescence signal to reach the detector. 
7.4.2 Synthesis and characterization of PA and PICP 
Synthesis of pinacyanol acetate (PA). Pinacyanol acetate was synthesized from 
pinacyanol chloride as starting material (purchased from Sigma-Aldrich) via an ion 
exchange procedure. Silver acetate (0.42g, 2.52 mmol) was dissolved in 5 ml ethanol. 
The solution was added drop-wised to a solution Pinacyanol chloride (0.98g, 2.51 mmol) 
in ethanol (5 ml). The mixture was stirred overnight. After evaporation of ethanol the 
crude product was purified by recrystallization from acetonitrile. Recrystallization step 
was carried out 3 times. The pure product resulted in a green solid (0.52 g, yield 50 %). 
1H-NMR (MeOD, 400 MHz): 8.64 (t, 1H, proton 4), 8.09-7.43 (m, 12H, 5-10), 6.52 (d, 2H, 
3), 4.52 (q, 4H, 2), 1.88 (s, 3H, 11), 1.54 (t, 6H, 1) LCQ mass spectroscopy: m/z 
([pinacyanol]+) [C19H25N2]
+, calculated mass 353.20; found mass 353.2. 
 
 
 
 
 
Figure S1. Molecular structure pinacyanol acetate (PA). 
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Synthesis of the methoxy-functionalized isocyanide monomer ((S)-2,5,8,11-
tetraoxatridecan-13-yl 2-(R)-2isocyanopropanamido) propanoate). Tetraethylene 
glycol dialanyl isocyanopeptide37,40 (251 mg, 0.697 mmol) was dissolved in 5 ml freshly 
distilled toluene and stirred for several minutes. A catalyst solution of Ni(ClO4)2 · 6 H2O 
(1/10000 eq)  in 10% ethanol/90% toluene (1.15 mL of 0.07 mM) was added at once. 
The mixture was stirred overnight at room temperature under ambient conditions. The 
solvent was evaporated in vacuo to obtain a solid, which was dissolved in a small 
amount of DCM (0.5-1.0 mL). The solution was precipitated in vigorously stirred 
diisopropyl et  her. The precipitate was spun down by centrifugation. This precipitation 
cycle was repeated three times resulting in the desired polymer (151.2 mg, 61%). The 
molecular weight of the resulting polymer was characterized by viscosity measurements 
as published before,40 yielding Mv = 565 kg/mol. 
 
7.4.3 Samples preparation 
Mixtures. All the PA/PICP mixtures were made by dilution from two stock solutions; 
an 18 mg/mL PA and 2 mg/mL PICP solution. For example to prepare a sample 
containing 9 mg/mL PA and 1 mg/mL polymer, a volume of a solution of 18 mg/ml PA 
was mixed with the same volume of a solution of 2 mg/ml polymer.  
Cells preparation. To create closed samples suitable for polarized and confocal 
optical microscopy, glass cells were prepared. Standard microscope slides (79 x 26 mm) 
were cut to the dimensions given in Figure S2 (30 x 30 mm). The glass plates were 
immersed in ethanol in an ultrasonic bath for 20 minutes. After blow-drying with nitrogen, 
the plates were placed in a UV-ozone oven and exposed for 30 minutes. No further 
treatment was carried out on the glass surface. 
 
 
 
 
 
Figure S2. (a) Dimensions of the used slides (3 cm); (b) Glass slides with Mylar spacers 
attached; (c) The final glass cell was prepared by gluing together two glass slides separated 
by 12 µm Mylar spacers. Samples were introduced in the prepared cells and immediately 
sealed. 
!
Chapter 7: Long-range order in soft matter at extreme dilutions 
185 
!
To achieve the desired thickness of the samples, Mylar spacers (12 µm thickness, 
type C) were used. The spacers were glued with two-component epoxy glue (Griffon) to 
the edge of the cells. A mechanical force was applied for 2 hours to ensure the correct 
thickness. The glass cells were filled with the desired mixture by capillary forces. To 
preserve the concentration of the initial mixtures, the glass cells were completely sealed 
off with epoxy. 
 
7.4.4 Experimental methods and supporting results 
Phase diagrams. To construct the phase diagram of pinacyanol acetate polarized 
optical microscopy (POM) was used. For microscopic observation the samples were 
prepared by placing a droplet of pinacyanol acetate solution between two cover slips. 
The samples were then placed in a hot stage attached to the microscope. Two thermal 
ramps were set in the temperature stage; a heating and a cooling ramp with a rate of 5 
°C/minute. The thermal transition from mesomorphic to isotropic phase was determined 
in the cooling ramp. To construct the phase diagram of mixtures PA+PICP, samples 
were investigated under POM following the same procedure previously discussed for 
PA.  
UV-vis absorption. To quantify the interaction between the polymer and LC in bulk a 
Job plot was constructed. To create the Job plot three stock solutions were used. The 
first stock solution only contained 0.05 mg/mL PA. The second stock solutions contained 
0.2 mg/mL polymer and 0.05 mg/mL PA and the third stock solution contained 2 mg/mL 
polymer and 0.05 mg/mL PA. A 2 mm thick cuvette was filled with stock solution 1 and a 
small amount of stock 2 or 3 was added. The sample was mixed thoroughly and an 
absorption spectrum was recorded. In this way the concentration of PA (and the PA 
stack size) was kept constant and the concentration of polymer was increased in each 
measurement.  
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Figure S3. Absorption spectra as a function of pinacyanol acetate concentration. 
 
 
 
 
 
 
 
 
 
 
Figure S4. Normalised absorption spectra sof solutions of 0.025 mg/mL PA with different 
PICP concentrations. Values in the legend indicate molar ration of the PICP concentration. 
The spectra were normalised such that the total concentration cPA + cPICP was constant. 
 
To construct the Job plot, the absorbance was normalized to the total concentration 
(A) and the contribution of PA absorbance (APA) was subtracted to yield the absorbance 
of the PA/PICP complex (ΔA), which was plotted as a function of the mole fraction PA in 
solution. The maximum (or minimum) in the Job plot indicates the stoichiometry of the 
complex.   
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Dynamic light scattering. Other experiments done to verify the interaction between 
polymer and PA in bulk are dynamic light scattering (DLS) experiments. Light scattering 
is a technique that can be used to resolve particle sizes and dynamic properties of 
particles in a solution. When a laser beam hits a particle or aggregate in the solution, the 
incident light scatters from that particle or aggregate and the path of the laser beam can 
be seen from many directions. This is known as the Tyndall effect and is strongest when 
the size of the particles or aggregates are in the range of the wavelength of the laser 
beam.41  
In a DLS experiment information about the size of a particle is extracted from the 
fluctuation in the scattered light intensity from that particle. These fluctuations arise from 
the motion of the particle in the solution, in which collisions with other particles or solvent 
molecules leads to rotational and translational diffusion. In a DLS experiment, a 
correlation function is used to extract information on the size and dynamics of the 
scatters by measuring scattering intensity fluctuations as a function of time. In other 
words, when the time is small enough, the position and orientation of a particle is to 
some degree correlated to its initial position and orientation. This degree of correlation 
will exponentially decrease as the time interval increases according to: ! ! = !!!/!,    (1) 
where g(t) is the correlation function and τ is the relaxation time, a characteristic time 
for the decay of the function. Since the correlation function is produced by photon 
counts, the experimental correlation function has the form: ! ! = ! + !"!!/!,    (2) 
Here, A measures the number of uncorrelated photons reaching the detector and B 
the number of correlated photons reaching the detector. For measurements with light 
polarized in a vertical plane, i.e. vertical polarization orientation detection, the relaxation 
time, τvv, can be written as: τ!! = !!!!,    (3) 
where D is the translational diffusion constant and q is the scattering wave vector, the 
difference between the incident and scattered wave vector.41 With assumptions about 
the shape of the particles or aggregates, formulas can be produced to gather information 
about sizes of the particles or aggregates from measurements of τ. For this purpose 
measurements require light polarized in a vertical as well as in a horizontal plane for 
vertical- horizontal polarization orientation detection.  
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Since the absorbance of pinacyanol acetate is very high, scattering of this material is 
hard to observe. In this way we were forced to measure at concentrations lower than 2.3 
mg/ml PA and to use thin capillaries (0.4 mm). These capillaries have a rectangular 
shape, instead of the round shape used in conventional DLS experiments. After filling 
the capillaries, the bottom was glued with epoxy. The samples gave inconsistent results, 
probably because the incident and outgoing beams are not perpendicular to the glass 
surface containing the sample. This creates differences in the refractive indices between 
the fluid present in the light scattering apparatus, the glass and the material, which adds 
instrumental noise to the experiment. 
To minimize this effect of different refractive indices, a holder was fabricated, which 
could hold the capillary in its place. This makes it possible to shine the incident beam on 
the center of the sample. Also putting the scattering detector perpendicular to the long 
edge of the rectangular capillary decreases the effect caused by the different refractive 
indices. In this fashion only scattering perpendicular to the glass surface of the capillary 
is detected. In addition, the beam was placed as far as possible from the glue to 
minimize undesired scattering from the glue. The results became more consistent due to 
these adjustments. Every measurement was recorded three times on different places of 
the sample to improve statistics. 
Solution DLS measurements were carried out with three series: (I) PA in water at 
different concentrations; (II) PICP in water at different concentrations; and (III) aqueous 
solutions of PA and PICP. We experimentally determined correlation functions of series I 
and II and calculated the expected sum of the correlation functions weighed by the 
appropriate concentrations of the components. These ‘theoretical’ curves were then 
compared to the experimental results of series III (Figure S5). Despite the use of 
different weighing factors, the calculated and experimental correlation functions do not 
match, which is indicative of a mutual interaction between the two species and the 
formation of complexes of different composition then the components. 
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Figure S5. DLS correlation functions of a solution of PA (0.57 mg/mL) and PICP (0.96 mg/mL) 
in blue, labeled exp. sum. The other curves are summed correlation functions composed of 
experimental data of separate PA and PICP solutions. Neither the black curve (with the 
anticipated weighing factors, nor the curves calculated from other weighing factors match the 
experimental data. 
 
Polarized optical microscopy (POM). Optical properties of the mixtures were 
investigated using a polarization sensitive optical microscope. Micrographs were 
recorded in white light transmission with the samples between crossed analyzer and 
polarizer. The arrow bars give the magnification in each figure. 
 
 
 
 
 
 
 
Figure S6. POM image of an aqueous solution of IR-806 (2.8 mg/mL) and PICP (1 mg/mL); 4 
days after sample preparation. 
Chapter 7: Long-range order in soft matter at extreme dilutions 
190 
!
 
 
 
 
 
 
 
Figure S7. POM image of an aqueous solution o Pina Cl (2.8 mg/mL) and PICP (1 mg/mL); 4 
days after sample preparation.  
 
 
 
 
 
 
 
 
Figure S8. POM image of an aqueous solution of BPP4B (2.8 mg/mL) and PICP (1 mg/mL); 4 
days after sample preparation.  
 
 
 
 
 
 
 
 
Figure S9. POM image of blank sample of only PA (cPA = 2.8mg/mL); 14 days after sample 
preparation. 
 
!
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Confocal fluorescence microscopy (CFM). PA is a brightly fluorescent 
chromophore that absorbs in the green range (530 nm) and emits in the yellow-orange 
part of the spectrum (> 570 nm). In CFM, the sample is irradiated with a green laser (λex 
= 532 nm) that is scanned over the sample surface. The excitation beam is filtered from 
the total signal by a filter and the fluorescence is collected by a detector. In this way a 
fluorescence map was recorded together with a topology map of the sample. 
 
 
 
 
 
 
 
 
 
Figure S10. CFM image of freshly prepared sample C1. The image shows a low level 
fluorescence emission homogeneously distributed over the entire sample. 
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Figure S11. Confocal microscopy images of sample C1 as a function of time (left axis, 3 
days (top panel), 7 days (central panel) and 14 days (bottom panel)) for different areas 
(right axis) of the same aggregates: central part of the aggregate (central panel) and 
periphery (left and right panels). The images support the information discussed in Fig. 8 in 
the main text.  
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Summary 
 
The concept of orientational order and collective behavior, typical for liquid crystal 
molecules leads to a wide range of applications of these materials. Besides the well-
known liquid crystal display (LCD) technology, liquid crystal materials have been 
integrated in a variety of other applications ranging from tunable filters and sensors to 
actuators and photonics.   
In the past decade, new applications targeting medical diagnosis have been 
investigated and liquid crystal-based innovative biosensors were developed for optically 
probing biological processes. The challenge for any system designed to detected 
biological molecules relies on three key parameters: selectivity, sensitivity and the read-
out rate of the signal. Work on two-dimensional liquid crystal-based biosensors allowed 
optimization of one or two of these parameters. The question, however, how to design a 
biosensor platform to simultaneously optimize all three key parameters remains open 
until to date. One suggestion is to realize three-dimensional designs rather than the 
currently studied two-dimensional devices, but this requires a whole new set of 
biocompatible liquid crystalline materials.  
In this thesis, we studied two classes of mesomorphic materials, which may be 
considered as potential candidates to be integrated as a part of a novel three-
dimensional biosensor platform: 1) Anisotropic solvents that are designed to give good 
optical read-out whilst ensuring compatibility with all platform ingredients, including the 
biomolecules; 2) Anisotropic networks that template the orientation of the of the 
anisotropic solvents and macroscopically amplify binding events in the device.  
Chapter 1 introduces important concepts of liquid crystals, ranging from orientational 
order, collective behavior and display applications.  In order to introduce the reader into 
the motivation and the scope of this thesis, relevant studies in the field of biosensor 
platforms based on liquid crystals materials will be briefly reviewed. Chapter 1 also 
introduces the concept of a mobile and stationary phase that is desired for three-
dimensional sensor devices. 
Chapter 2 reviews a key class of candidate materials for the mobile phase of the 
sensor: ionic liquid crystals (ILCs). The current state-of-the-art of this class of materials 
leaves plenty of room for improvement, both from an optical properties (birefringence) 
perspective as from a more general thermal properties materials (room temperature 
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phases) perspective. Some of these current day challenges are addressed in the next 
chapters. 
For optical read-out, one desires a mobile phase with a high birefringence. In 
Chapter 3, approaches towards biocompatible, but highly birefringent ILCs are 
described. The increased transition temperatures automatically associated to these 
materials is an intrinsic problem that we countered by introducing substituents that tune 
the lateral interactions of the mesogens. In addition, the importance of choosing the 
right counter ion is clearly demonstrated in this chapter. Our study yielded molecular 
design parameters to prepare functional ILCs with room temperature transitions. 
To increase the biocompatibility of ILCs, one can select more hydrophilic counter 
ions. Whereas hydrophobic counter ions are relatively straightforwardly introduced by 
metathesis reactions, hydrophilic anions are much more difficult to introduce reliably. 
We developed an entire new route to hydrophilic counter ions where the introduction of 
the anion is directly associated with cation generation. In contrast to existing methods 
for ionic liquid or ionic liquid crystal preparation, our route is mild and we can positively 
exclude halide impurities. The development of this versatile route using ionic liquids is 
described in Chapter 4 and the application towards ILCs is given in chapter 5.  
The approach developed in Chapter 4 was directly used to introduce series of 
carboxylate anions in ILCs. This work, described in Chapter 5 enabled us to design a 
series of materials in which the size and the electron density distribution of the anion 
varies systematically. Thermal studies on these target materials highlight that the anion 
has a large effect on the mesomorphic behavior. Our synthetic route is an ideal 
approach to systematically explore structure-properties relations of the anion in the 
mesomorphic phase; something that is difficult to achieve in traditional inorganic 
hydrophobic anions. 
In Chapter 6, the attention turns from the mobile to the stationary phase. This 
chapter describes methods to make and characterize porous, anisotropic polymer films. 
Magnetic fields were used to orient a (commercially available) organic liquid crystal 
template and photo-polymerize the network in-situ. We found that the polymerization 
conditions strongly impact the optical properties (birefringence) and thus the order 
parameter of the resulting films, also when the magnetic field is removed. Although the 
study was carried out with traditional (non-biocompatible) liquid crystals, the conclusions 
described in this chapter can be extrapolated to ILCs. 
Chapter 7 describes the preliminary results of our work towards a completely 
different and novel approach for the stationary phase. Inspired by the concept of 
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supramolecular chemistry, we aimed to employ spontaneous self-assembly processes 
over several length scales. To this end, we used aqueous solutions of a semi-flexible 
polymer in combination with a chromonic liquid crystal. The latter self-assembles in 
solution to give (nematic) stacks, but also interacts with the polymer to give 
macroscopically aligned birefringent structures. This chapter discusses how the different 
components even in very high dilution (>99 % water) assemble and align and which 
parameters are important to control this behavior. 
!
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Samenvatting 
 
De typische eigenschappen van vloeibare kristellen, zoals oriëntatie en collectief gedrag 
leiden tot een breed spectrum aan toepassingen. Naast de bekende liquid crystal display 
(LCD) technologie worden vloeibare kristallen gebruikt in toepassingen variërend van 
verstelbare optische filters en sensoren tot actuators en fotonica. 
In de afgelopen jaren zijn nieuwe toepassingen onderzocht, die zich richten op 
medische diagnose. Daarvoor zijn biosensoren gebaseerd op vloeibare kristallen 
ontwikkeld die biologische processen optisch kunnen weergeven. De uitdaging voor deze 
en alle andere detectoren van biologische moleculen of processen is de optimalisatie van 
drie belangrijke parameters: selectiviteit, gevoeligheid en de snelheid van uitlezen van 
het signaal. Het werk aan vloeibaar kristal sensoren dat tot nu toe gedaan is, heeft geleid 
tot optimalisatie van één of twee van die parameters. De vraag hoe een biosensor te 
realiseren waarin alle drie de parameters geoptimaliseerd zijn, is tot nu toe nog 
onbeantwoord gebleven. Eén suggestie is het maken van driedimensionale ontwerpen in 
plaats van de huidige tweedimensionale sensoren, maar deze aanpak vraagt om een 
compleet nieuwe set biocompatibele vloeibare kristallen. 
In dit proefschrift worden twee klassen anisotrope materialen onderzocht, die 
potentieel succesvolle kandidaten zijn om te integreren in een nieuwe 3D vloeibaar 
kristal biosensor: 1) Anisotrope oplosmiddelen die ontworpen zijn voor een goed optische 
uitleessignaal, maar die tegelijkertijd volledig biocompatibel zijn; 2) Anisotrope netwerken 
die een sjabloon vormen om de vloeibare fase uit te lijnen en die de signalen van 
(biologische) bindingsprocessen nog eens kunnen versterken. 
Hoofdstuk 1 van dit proefschrift introduceert de lezer in belangrijke vloeibare kristal 
concepten: richtingsorde, collectief gedrag en LCD toepassingen. Om een kader voor dit 
werk te scheppen wordt een overzicht gegeven van de literatuur over biosensoren op 
basis van vloeibare kristallen en wordt de motivatie voor vervolg onderzoek uitgewerkt. In 
hoofdstuk 1 worden ook de concepten mobiele fase en stationaire fase (mobile and 
stationary phase), die nodig zijn voor een 3D sensor verder uitgewerkt.  
In hoofdstuk 2 wordt een overzicht gegeven van de belangrijkste kandidaten voor de 
mobiele fase: ionische vloeibare kristallen (IVK). In de huidige stand van zake van deze 
klasse materialen is nog voldoende ruimte voor verbetering, zowel vanuit de optische 
eigenschappen (dubbele breking optimalisatie) als vanuit de thermische eigenschappen 
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(vloeibaar kristallijne eigenschappen op kamertemperatuur). Een aantal de uitdagingen 
die beschreven zijn in dit overzicht, worden in de volgende hoofdstukken aangepakt. 
Voor een goed optisch sensor signaal moet de mobiele fase sterk dubbelbrekend zijn. 
In hoofdstuk 3 worden nieuwe benaderingen naar biocompatibele, maar toch sterk 
dubbelbrekende IVK beschreven. De hoge overgangstemperaturen die 
normaalgesproken bij deze moleculen horen hebben we verlaagd door substituenten op 
de moleculen te plaatsen die de laterale intermoleculaire interacties beïnvloeden. 
Daarnaast wordt het belang van het tegenion duidelijk aangetoond in dit hoofdstuk. Dit 
werk laat zien met welke moleculaire ontwerp parameters functionele IVK met 
faseovergangen rondom kamertemperatuur te maken zijn. 
Om de biocompatibiliteit van IVK verder te vergroten, kunnen meer hydrofiele 
tegenionen gebruikt worden. Terwijl IKV met hydrofobe tegenionen relatief gemakkelijk 
gesynthetiseerd worden via een metathese reactie, is het aanbrengen van hydrofiele 
ionen veel lastiger en onbetrouwbaarder. We hebben een geheel nieuwe route 
ontwikkeld om ionische vloeistoffen en ionische vloeibare kristallen te synthetiseren. In 
deze route ontstaan het kation en het hydrofiele anion en tegelijkertijd. In tegenstelling tot 
bestaande routes naar hydrofiele anionen, is deze route synthetisch mild en kunnen we 
vervuiling met andere ionen, in het bijzonder halides uitsluiten. De details van deze 
algemeen toepasbare methode is beschreven in hoofdstuk 4. 
De nieuwe route voor het maken ionische vloeistoffen en ionische vloeibare kristallen 
beschreven in het voorgaande hoofdstuk, is direct toegepast om een serie IVK met 
carboxylaat anionen te maken. In dit werk, dat is beschreven in hoofdstuk 5, is een 
serie materialen ontworpen waarin de afmetingen en de elektronendichtheidsverdeling 
van het anion systematisch is gevarieerd. Thermisch onderzoek aan deze materialen 
benadrukt het grote effect van het anion op de vloeibaar kristallijne eigenschappen. De 
synthetische route uit hoofdstuk 4 is een ideale aanpak om echt systematisch structuur-
eigenschap relaties van het anion te onderzoeken; iets wat zeker nodig, maar niet 
eenvoudig te bewerkstelligen is in de traditionele hydrofobe anionen.  
In hoofdstuk 6 richten we onze aandacht van de mobiele naar de stationaire fase. Dit 
hoofdstuk beschrijft methoden om anisotrope poreuze polymere films te maken en te 
karakteriseren. Een (commercieel verkrijgbaar) organisch vloeibaar kristal werd uitgelijnd 
middels een magnetisch veld en daarna in-situ gefotopolymeriseerd. We vonden dat de 
polymerisatiecondities sterk de optische eigenschappen (dubbele breking) en daarmee 
de orde parameter in de films bepaalt, ook wanneer naderhand het magnetisch veld is 
verwijderd. Deze studie is weliswaar uitgevoerd met klassieke (niet-biocompatibele) 
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vloeibare kristallen, maar de conclusies beschreven in dit hoofdstuk kunnen eenvoudig 
geëxtrapoleerd worden naar IVK. 
Hoofdstuk 7 beschrijf de initiële resultaten van ons werk richting een compleet 
andere en nieuwe aanpak voor de stationaire fase. Geïnspireerd door concepten uit 
supramoleculaire chemie hebben we getest of we spontane zelf-assemblage kunnen 
gebruiken om structuren met verschillende karakteristieke lengteschalen te maken. Om 
dit te bereiken, hebben we waterige oplossingen van een semi-flexibel polymeer in 
combinatie met een ‘chromonisch’ vloeibaar kristal onderzocht. Dit laatste materiaal zelf-
assembleert in oplossing en geeft dan (nematisch georganiseerde) kolommen, maar 
heeft daarnaast ook interacties met het polymeer, wat dan leidt tot macroscopisch 
uitgelijnde dubbelbrekende composieten. Dit hoofdstuk beschrijft hoe de verschillende 
componenten zelfs bij hoge verdunning (>99 % water) assembleren en uitlijnen en welke 
parameters een rol spelen om dit gedrag te controleren.  
!
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